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How wonderful that we have met
with a paradox. Now we have some
hope of making progress.
Niels Bohr
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Abstract
In the quest of renewable sources of energy one of the most promising solution is the
production of molecular hydrogen from water activated by solar energy. The photo-
induced reactive cycle to split water and generate H2 with a clean and sustainable
process relies on the choice of efficient photo-catalysts for both the oxidation and
the reduction steps. Recent studies revealed that molecules with Cobalt (Co) active
centers might achieve a commercially reasonable efficiency in reducing water, thus
being candidates for the replacement of expensive transition metals, such as Platinum
and Ruthenium. In this respect, we investigate H2 production systems based on
Co centered poly-pyridyl complexes in homogeneous and heterogeneous environments
using density functional theory and ab-initio molecular dynamics.
Concerning the homogeneous catalysis, we explore a few differently ligated Co-
based catalysts immersed in water solution. The emphasis is on the effects of struc-
tural features, i.e. the number of the pyridyl subunits, flexibility of the ligands, and
coordination sphere around Co to understand the role of these structural features
on the catalysts activity towards H2 production. Heterogeneous systems, instead,
are grouped in two sections: oxide and metal surfaces where the Co-based water re-
duction catalysts are immobilized. The adsorption of both the bare ligand and the
Co-metalated poly-pyridyl complexes and their assemblies on stoichiometric rutile
TiO2(110) and reconstructed Au(111) surfaces are investigated. The optimized ad-
sorption geometries, the effects of Co insertion on the stability, molecule/surface and
intermolecular interactions, electronic properties, their potential usage as H2 produc-
tion systems are discussed for the two cases. In the case of Au(111) surface, we also
address the role of herringbone reconstruction on the adsorption strength and on the
modification of the molecular properties. Besides, rearrangements within the mono-
layer upon metalation and the possible intermediate states that hinder the metalation
process are investigated.
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Zusammenfassung
Einer der vielversprechendsten Lo¨sungsansa¨tze zur Erschliessung erneuerbarer En-
ergiequellen stellt die Gewinnung von molekularem Wasserstoff aus Wasser mit der
Hilfe von Sonnenenergie dar. Um Wasser mittels eines photoneninduzierten Prozesses
zu spalten ist ein Katalysator notwendig. Die Nachhaltigkeit dieses Prozesses ha¨ngt
stark von der Effizienz ab, mit welcher der Katalysator die verschiedenen Oxidations-
und Reduktions-Schritte katalysiert. Aktuellen Studien haben gezeigt, dass Wasserre-
duktions Katalysatoren bei welchen Kobalt-Ionen das reaktive Zentrum bilden das
Potential haben eine kommerziell relevante katalytische Effizienz zu erreichen. Somit
stellen Kobalt-Katalysatoren mo¨glicherweise eine Alternative zu den teuren Platin-
und Ruthenium-Katalysatoren dar. In dieser Arbeit haben wir Kobalt-Poly-Pyridyl
Katalysatoren zur Wasserreduktion in homogener und heterogener Umgebung mittels
Dichte Funktional Theorie und ab-initio Molekulardynamik untersucht.
Die homogene Katalyse haben wir am Beispiel verschiedener Kobalt-Katalysatoren
in wa¨ssriger Lo¨sung studiert. Dabei haben wir uns insbesondere auf den Einfluss
struktureller Eigenschaften wie die Anzahl koordinierender Pyridin-Substituenten, die
Flexibilita¨t des Liganden, sowie A¨nderungen der Koordinationsspha¨re des Kobalt-
Zentrums auf die katalytische Aktivita¨t fokussiert. Im Kontext der heterogenen
Katalyse haben wir auf Metalloxiden oder Metalloberfla¨chen immobilisierte Kobalt-
Katalysatoren untersucht. Wir haben sowohl das Adsorptionsverhalten des nicht an
Kobalt koordinierten Poly-Pyridyl-Liganden als auch des Kobalt-Komplexes auf Ru-
tile TiO2(110) und oberfla¨chenrekonstruiertem Au(111) ausfu¨hrlich studiert. In bei-
den Fa¨llen haben wir die adsorbierten Moleku¨lstrukturen, den stabilisierenden Effekt
eines an Kobalt koordinierten Liganden, und sowohl die Moleku¨l-Oberfla¨chen als auch
die intermolekularen Interaktionen diskutiert. Des Weiteren haben wir auch die elek-
tronischen Eigenschaften der Systeme beschrieben, sowie ihre mo¨gliche Verwendung
zur Wasserstoff-Gewinnung. Fu¨r die Gold Au(111) Oberfla¨che haben wir den Einfluss
der ”Herringbone” Oberfla¨chenrekonstruktion auf das Adsorptionsverhalten sowie auf
die molekularen Eigenschaften der Katalysatoren analysiert. Des Weiteren haben wir
die Neuanordnung innerhalb einer Monolage als Folge der Koordination des Liganden
an Kobalt-Ionen untersucht. Dabei haben wir mo¨gliche Zwischenprodukte identifiziert
welche die Koordination des Liganden an Kobalt-Ionen einschra¨nken.
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1 Introduction
In the quest for renewable energy sources molecular hydrogen is one of the most
favored candidate as energy carrier. Compared to other means, such as electricity,
bio-fuels, or conventional fuels, hydrogen has the highest specific energy content [1],
and is also environmentally preferable, because the waste product of its reaction with
pure oxygen is simply water [2]. However, the large scale production and storage of
molecular hydrogen is still an open issue. Several techniques can be employed for its
production, such as water electrolysis [3], steam and ethanol reforming [4, 5], partial
oxidation of hydrocarbons [6], dark fermentation [7], and photo-chemical water split-
ting [8]. The latter is of particular interest, because it emulates the photo-chemical
process by absorbing photons in the energy range between 1.5 and 3.3 eV (visible spec-
trum). The resulting product of water splitting, H2, has zero emission and high energy
density, therefore being a highly promising candidate for replacing traditional fuels
which are responsible for 90% of all CO2 emissions. In order to decrease the demand
in fossil fuels and their environmental impacts, we aim at investigating promising wa-
ter splitting catalysts that can employ the easily available sunlight and convert it into
chemical energy.
Photo-chemical water splitting consists of two half reactions, namely water reduc-
tion, which is also known as proton reduction and water oxidation. Overall, two water
molecules are converted to one O2 and two H2 molecules. Since water splitting is a
complex and challenging process, current research mostly focuses on half reactions,
either water reduction or water oxidation. The central theme of this thesis is investi-
gating water reduction systems from homogenous to heterogeneous catalysts towards
photo-catalytic H2 production.
Photo-catalytic water reduction can be achieved through either homogeneous or
heterogeneous catalysts which have their own specific advantages and disadvantages.
Considering homogeneous catalysts, which have been widely studied [9], most of the
working systems uses expensive transition metals as catalytic reduction centers, such
as Pt [10]. However, one has to search for alternatives of the expensive catalytic
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centers to facilitate commercial implementation of the water reduction systems. The
proposed cheap transition metal-based catalysts should have high turnover numbers
and frequencies together with low over-potential.
It has been shown that cheap Co-based catalysts can be employed for H2 produc-
tion with low over-potentials [11]. Several Co deposited catalysts, such as porphyrin-
derived molecules [12], cobaloximes [13], pyrphyrins [14], and molecules with polypyri-
dine ligands [15], have been used for hydrogen evolution in homogeneous environ-
ment. Peters et al. [16] investigated catalytic activity of several cobalt complexes
with BF2 giglyoxime or propane bridged tetraimine ligands in acetonitrile. They con-
cluded that with less electron donating ligands, reduction of Co-complexes can be
achieved easily, leading to H2 production. Guttentag et al. [15] studied the activity
of [CoIIIBr2(DO)(DOH)pn] with photo-sensitizer [Re(CO)3(bipy)(py)]
+ in pure wa-
ter and acidic environment, demonstrating that H2 production is possible without
organic solvents. Solis et al. [17] modeled several cobalt hangman porphyrins in ace-
tonitrile solution and determined the pathway for proton coupled electron transfer for
H2 generation. Recently, several reviews on homogeneous water reduction has been
published [18–21].
Among many ligand types, polypyridyl ligands have gained particular attention in
literature due to their high stability and strong ligand field achieved with Co. It has
been shown that polypyridyl ligands are superior to cobaloximes in terms of their
higher photo-catalytic activity and stability [22, 23]. Several Co-based pentapyridyl-
ligand catalysts have been screened by comparing the activities of molecules with an
almost perfect octahedral arrangement and molecules with strongly distorted octa-
hedral pockets [14, 24, 25]. Results showed that by breaking the symmetry around
the metal center the activity is enhanced. Other studies also discuss the role of the
distortion of the local environment and of the orientation of the ligands around the
metallic center [24, 26, 27]. On the other hand, due to the complexity of water re-
duction reaction, there are limited spectroscopic investigations covering all the steps,
from the initial catalyst’s reduction to the H2 release. Hence, theoretical investi-
gations of the number of the pyridyl subunits, the polypyridyl and bipydiyl ligand
structures, the distortion of the ligands, and also the coordination sphere around the
Co center and how these features affect the water reduction mechanism and intermedi-
ate products is crucial in designing promising homogeneous water reduction catalyst.
Therefore, Chapter 4 in this thesis is dedicated to exploring the effects of ligand type
3and coordination environment around Co center on the water reduction mechanism
of pentapyridyl and tetrapyridyl Co-complexes in water solution.
In spite of the established achievements in H2 generation using metal complexes
in homogeneous environments, the drawback is the rapid recombination of photo-
generated products in solution [28]. Therefore, it has been proposed that in heteroge-
neous environments, where the photo-catalyst is combined with a supporting material,
the back electron transfer can be prevented and the system and reaction intermedi-
ates are stabilized [29]. It is therefore of interest to study the adsorption behavior of
these metal complexes on well defined surfaces, and to explore whether their catalytic
activity and stability are preserved in the adsorbed state. We will mention the on-
going studies on heterogeneous water reduction catalysts (WRC) in two subsections:
immobilization of WRC on semiconductors, where TiO2 will be discussed as a model
system, and on metal surfaces, where the Au(111) surface will be under consideration.
Already in 1938 the first study of Goodeve et al. [30] demonstrated the photo-
catalytic activity of the TiO2 surface, which can produce oxygen by absorbing UV
light thus leading to the photo-bleaching of dyes. This study has initiated many
others towards discovering photo-catalytic reactions that can be catalyzed by TiO2.
The success of this material is also justified by its high stability, low cost, no side effects
on humans and environment, and ease in large-scale usage. In 1972 Fujishima and
Honda [31] carried out the successful and inspiring experiment of water splitting using
TiO2 as photo-anode. In a closed circuit photo-electrochemical cell, photo-generated
electron and hole pairs move to TiO2 surface, where water molecules are oxidized to
generate O2, while the protons are combined with electrons at the cathode, Pt, to
generate H2. In spite of the promising properties of TiO2, the photo-catalytic activity
of the bare surface is not optimal, due to the too large energy gap [32]. This limits
the photons’ absorption and induces the fast recombination of the photo-generated
carriers [33]. While these drawbacks significantly hinder the effective application of
the pristine material, several possible solutions have been envisioned by considering
surface modifications, such as composite semiconductor coupling, metal/non-metal
doping, and functionalization by means of different types of adsorbates [34, 35]. For
instance, Zn-Porphyrin adsorbed on the TiO2 surface reduces the threshold for the
photons’ absorption, and by allowing the fast electron injection towards the substrate,
slows down the charge recombination process [36].
As alternative to the photo-electrochemical cells proposed by Fujishima and Honda [31],
two other widely explored methods of water splitting using TiO2 have been developed.
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One method uses TiO2 nanoparticles on which a transition metal (e.g. Pt) and an-
other oxide (e.g. RuO2) are deposited (see Figure 1.1-(a)). In this way, the photon
absorption is followed by an efficient charge separation: the electrons are transported
to the metal and activate the recombination of protons into H2 molecules, whereas
the holes move to the coupled oxide, favoring the O2 evolution. This design results
in substantial decrease in over-potential of the reaction [37]. The second approach
employs sacrificial agents to remove one of the photo-generated charge carrier. An
illustration is shown in Figure 1.1-(b), where CH3OH is used as a sacrificial specie.
While photo-generated holes are injected into CH3OH, which afterwards oxidizes wa-
ter, excited electrons in TiO2 conduction band (CB) reduces water to H2 [37]. This
system focuses on half reactions, either water reduction via sacrificial electron donor
or water oxidation via sacrificial electron acceptor [38].
(a) (b)
Figure 1.1: (a) Photosplitting of water on composite catalyst. (b) Photosplitting of water:
sacrificial donor effect. Reprinted with the permission from Ref. [37] Copyright (1995)
American Chemical Society.
Prior to reviewing theoretical studies of water reduction on functionalized TiO2
surfaces, it is useful to give a closer examination of the interactions between water
molecules and the bare TiO2 surface. It is shown that water molecules prefers to
adsorb on oxygen vacancies of the rutile(110) surface [39]. Water adsorption is followed
by a proton transfer to the adjacent two-coordinated surface oxygen thus leading to
a formation of hydroxy radical on the surface [40]. Zhao [41] calculated adsorption
and decomposition energies of water molecules on different rutile surfaces, such as
(110), (100), and (001) using Density Functional Theory (DFT). While dissociative
adsorption of water is more favorable on (110) surface, the activation energy of the
water dissociation is largest on the (100) surface. Calculations by Hahn et al. [42]
5showed that the employed adsorbate coverage affects the adsorption geometry and the
stability of the the adsorbed water molecules. While at low coverage water molecules
tend to dissociate on rutile(110) surface, increasing coverage leads to an associative
adsorption. Investigating the interactions between water and bare TiO2 surface is a
fundamental research, however in order to reach efficiencies that are of any interest
with respect to realistic devices, it is essential at least to operate with functionalized
surfaces.
The band gap of TiO2 can be modified by metal/ametal deposition. Systems con-
taining Fe, Al, Si, and F deposited on the surface of rutile and anatase have been
modeled and characterized by electronic structure calculations (DFT) [43]. These
studies show that, while the cationic dopants at the Ti lattice sites stabilize anatase
slightly more than rutile, anionic doping with F has the opposite effect. Modeling
Pt, Ru, and Co ions doped anatase TiO2(001) surface shows that the band gap of
the complexes decrease by 1.8 eV with Co, 1.7 eV with Ru, and 0.4 eV with Pt [44].
By growing Ru clusters on the anatase(101) surface, instead, not only a significant
decrease of the local band gap is observed, but also electrons accumulate at the met-
al/oxide interface, due to the electron flow from Ru to TiO2 [45].
There are also other studies which focus on designing water splitting systems by
mixing TiO2 with another metal oxide. Graciani et al. [46] modeled water adsorption
on Ce2O3 doped rutile TiO2(110) surface. They show that the proposed mixed-metal
oxide has a promising ability to dissociate water exposing an exothermic dissociation
energy of -0.7 eV with a small activation barrier of 0.04 eV. A relatively larger system
is investigated by Pastore and De Angelis [47] who modeled a TiO2/Ru-dye/IrO2
complex using DFT. In the designed complex, Ru polypyridyl dye, acting as a linker
between the oxides, is attached to both anatase TiO2(101) and IrO2 surfaces via
phosphonic acid and malonate groups, respectively. The electronic structure analysis
shows that both highest occupied molecular orbital (homo) and lowest unoccupied
molecular orbital (lumo) are located on the IrO2 showing a metallic-like character.
While occupied molecular orbitals of the dye are located within the IrO2 valence band
(VB), its unoccupied orbitals are distributed over the CB of both IrO2 and TiO2.
A promising design for an heterogeneous water reduction devise seems to be ob-
tained by adsorbing a macrocyclic water reduction catalysts on the TiO2 surface to-
gether with a proper photo-sensitizers. Only relatively few studies on the combination
of Co-catalysts with TiO2 surface have been published. One example is the Co-based
complex [CoIII(dmgH)2(pyridyl-4-hydrophosphonate)Cl] which can be adsorbed by
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means of some anchoring groups and it is active as proton reduction catalyst [48].
Yin et al. [49] studied the organic dye eosin Y (EY) and several other Co complexes
also adsorbed on the TiO2 surface through different anchoring groups. They con-
cluded that TiO2 is able to harvest electrons from the excited EY molecules, thus
generating long-lived charge-separated states, which eventually lead to the electron
transfer to the Co-catalyst and the reduction process. A similar reductive pathway
has also been observed by Lakadamyali et al. [50], who studied the co-adsorption of
the CoP catalyst and a ruthenium dye RuP on TiO2. The photo-excitation of RuP
induces an electron injection into the conduction band of TiO2. The photo-electrons
are then transferred to CoP, where the H2 formation occurs. The photo-excitation of
Co(I)-porphyrin on TiO2 in acetonitrile-pyridine solution has also been studied [51],
showing that after the rapid electron injection from Co to TiO2 and the coordination
of pyridine to Co, the undesired charge recombination is significantly slowed down.
Monti et al. [52] proposed a model system of Ru-based catalyst/antenna/TiO2 com-
plex for water splitting and investigated proton coupled electron transfer dynamics of
the catalyst in water solution using Ab-Initio Molecular Dynamics (AIMD). Results
show that a water molecule binds to Ru center and after 1.9 ps of simulation time
proton transfer from attached water molecule to the closest one in the solution is
achieved. Several studies are already available on the properties of metal centered
porphyrins adsorbed on TiO2 surfaces [34, 36,53].
The porphyrin derived tetra-aza macro-cycle, constituted of four pyridine rings, is
named pyrphyrin (Pyr) but also known as Ogawa porphyrin like ligand. Pyr has been
introduced first by Ogawa et al. [54] in 1984. Later, alkylated pyrphyrin has also been
synthesized and its optical properties have been characterized [55]. More recently,
metal-centered pyrphyrins have been studied both experimentally and theoretically to
determine their UV-visible spectra in solution [56–58]. Co centered pyrphyrin (CoPyr)
has been recently synthesized and successfully used as water reduction catalyst in
homogeneous environment [14]. Although, there are many studies on Pyr molecules
in homogeneous environment there is no research carried out so far on the interactions
between Pyr and solid surfaces. Exploring the potential of Pyr adsorbed on TiO2
surface might provide useful insight for the design of new, promising, and feasible
photo-catalysts for water reduction. Therefore, one of the chapter in this thesis,
Chapter 5, is dedicated to the investigation of Pyr and CoPyr interactions with TiO2
surface.
7Metal surfaces are also extremely important in designing photo-catalysts towards
H2 production. Two dimensional regular monolayers of molecules at metal surfaces
might result in molecular architectures with tailored topological, electronic, optical,
magnetic or catalytic properties. In particular, the interactions of porphyrin molecules
with metal surfaces and the formation of self-assembled monolayer have been inten-
sively studied [59–61]. Yokoyama et al. [62] observed that porphyrin molecules ad-
sorbed on Au(111) can form supermolecular structures, as trimers and tetramers,
depending on the positions of the cyano substituents. Other recent studies [63] fo-
cused on the coordination self assembly and metalation of tetra-porphyrin with Cu on
Au(111) surface. While some of the Cu atoms link two pyridyl groups of neighboring
molecules, others coordinate to the porphyrin’s macrocycle and lead to metalation.
Mielke et al. [64], instead, showed the formation of coordination bonds between na-
tive Au adatoms and tetraphenylporphyrins. Recently, Hulsken et al. [65] performed
a mechanistic study of oxidation catalysis by monitoring individual manganese por-
phyrin catalysts on a Au(111) surface by scanning tunneling microscopy (STM) at
the solid-liquid interface. The activity of NiAu/Au (core/shell) nanoparticle catalyst
for hydrogen evolution is investigated by Lv et al. [66] and the results show that low
coordinated Au sites in NiAu/Au facilitates H2 formation in acidic media.
Investigation of the interactions between Pyr and Au(111) surface is also impor-
tant in terms of revealing the potential of a new photo-catalyst. However, it is not
straightforward since the (111) surface of gold is known to undergo a complex recon-
struction under UHV conditions [67]. Therefore, clarifying the interactions between
Pyr and reconstructed Au(111) surface is important not only because of developing
new H2 production systems, but also filling a fundamental gap in the literature by
investigating interactions of large macrocyclic molecules with a complex metal surface
structure.
As this literature review suggests the increasing number of promising studies leads
to build photocatalytically efficient and robust several catalysts, however it is practi-
cally impossible to test the photo-catalytic activity of all possible catalysts using only
experimental techniques. Instead, theoretical simulations can help screening materi-
als, clarifying interactions at molecule/substrate and molecule/solvent interface, and
providing insights into photo-activity prior to extensive experimental efforts. In this
regard, this thesis is organized in seven chapters and focuses on investigating photo-
catalytic H2 production systems from homogeneous to heterogeneous environments
using Density Functional Theory based simulations. After this introduction, chapter
8 1 Introduction
2 reports on some experimental results on model systems for H2 production addressed
in this thesis, i.e, Co-based polpyridine catalysts in solution, Pyr and CoPyr adsorbed
on TiO2 surface, and monolayer of Pyr on Au(111). Chapter 3 is dedicated to the
description and limitations of theoretical models employed for the investigation of
these systems. Chapters 4, 5, and 6 discuss the results on the Co-based catalyst in
water environment, adsorption of Pyr on TiO2, and adsorption, self assembly forma-
tion and metalation of Pyr on Au(111) surface, respectively. The final chapter gives
conclusions and outlook.
2 Brief Account: Experimental Studies on
the Catalytic Systems Addressed in This
Work
The activity of Co-based polypyridyl complexes as WRC towards H2 production
in both aqueous and heterogeneous environments have been widely investigated. In
homogeneous phase, the catalyst is solvated together with some photosensitizer and
sacrificial electron donors to investigate the catalytic performance of the whole sys-
tem. The heterogeneous systems are constituted by semiconductor or metallic solid
supports where the WRC can be adsorbed. The whole system is merged in a aqueous
solution or electrolyte. In this chapter, we will first briefly summarize the experi-
mental results obtained for Co-based poly-pyridyl catalysts in both homogeneous and
heterogeneous environments. Afterwards, we will discuss some open questions that we
are able to address by complementing the experimental research by proper theoretical
modeling.
Co-based Water Reduction Catalysts Solvated in Water
Among the Co-based complexes suggested so far that are active in homogeneous
environment we will particularly focus on the ligand environment containing pen-
tapyridyl and tetrapyridyl units. In Chemistry Department of UZH the researchers
under the supervision of Prof. Roger Alberto successfully synthesized the Co-deposited
penta-pyridyl ligand, CoPPy, comprising five individual pyridines and two hydroxy
functions in the backbone [24]. This ligand structure offers a coordinating pocket
with an almost perfect octahedral arrangement. By differential pulse polarogram a
reduction potential of CoII/I at -1.3 V (vs Ag/AgCl) has been measured. For testing
the photocatalytic activity of the CoPPy, several tests have been carried out together
with ascorbic acid/sodium ascorbate buffer and [Re(py)(bpy)(CO)3]
+ as a photosen-
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sitizer in aqueous solution under 385 nm LED source. The achieved turnover numbers
(TONS) are up to 1180 H2/Co in 45 h.
To enhance the catalytic activity, an alternative catalyst with the same denticity as
CoPPy but less symmetric ligand consisting of two 2,2’bipyridine units and one single
pyridyl donor, CoaPPy, has been synthesized [24]. While four pyridine units occupy
the equatorial positions, the fifth one is placed in the axial position. Compared to
the CoPPy, the ligand environment in CoaPPy does not offer a regular coordination
pocket, thus leading to a non-ideal pentadentate coordination. This coordination is
described as distorted trigonal prismatic geometry, which results in sterical constraints
and strongly distorted octahedral structure. The difference in coordination environ-
ment around Co is supposed to yield different activity results. Indeed, the reduction
potential CoII/I for CoaPPy is -0.87 eV, hence lower than the one for CoPPy and
also the TONS of 1380 H2/Co in 10 h is enhanced. Though expected, the mechanis-
tic details on how the distorted structure affects the reactivity have not been fully
explained yet.
Apart from the distortions in structural geometry, the number of pyridyl units
coordinating Co center can also be a factor influencing the activity of the catalysts.
In this regard, a complex with a tetra-pyridyl ligand that also displays significant
distortions from an octahedral geometry has been proposed by the same research
group [26]. They synthesized the hydroxy derivative of a tetra-pyridyl type ligand
based (TPY-OH = 2-bis(2-pyridyl)(hydroxy)methyl-6-pyridylpyridine) Co catalyst,
CoaTPy, and investigated its water reducing activity under photo-catalytic conditions
in an aqueous solution [26]. The reduction potential of CoII/I measured using a cyclic
voltammogram tuns out to be -1.11 eV (vs Ag/AgCl). The excitation of the PS under
385 nm LED leads to the reductive quenching by ascorbate, which is followed by an
electron transfer from PS− to WRC. The rate profile of the CoaTPy catalyst shows
that the promising TONS as high as 9000 can be achieved in 20 h [26].
More mechanistic studies on the same catalyst and PS together with TEOA as
sacrificial electron donor in aqueous solution have been carried out by joint experi-
mental and theoretical work of Rodenberg, Alberto, Hamm, and Baldridge et al. [21].
In particular, modeling the catalyst by static calculations in water environment re-
veals a distorted square-pyramidal coordination geometry. The UV spectra shows two
intense bands at 250 nm and 305 nm which are attributed to the pi–pi∗ transitions.
The laser flash photolysis experiment shows a peak at 620 nm which is related to the
generation of CoI-WRC specie upon electron injection from the PS− to the catalyst.
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The electronic structure calculations predict two allowed spin states for CoI-WRC
which are singlet and slightly more stable triplet spin states. Further calculations on
visible spectrum reveal a moderate signal at 763 nm and strong bands at 404 and 270
nm for singlet spin state of CoI-WRC. On the other hand, much weaker signals are
obtained at the range between 643–371 nm for the triplet spin state. Furthermore,
protonated specie, CoIIIH, shows strong bands at 288 and 235 nm. Mechanistic find-
ings suggest that after first reduction and protonation of the catalyst, an intermediate
reduction of CoIIIH to CoIIH occurs. The overall mechanism towards H2 production
is, therefore, supposed to take place with two separate protonation steps and transient
accumulation of a cobalt hydride as an intermediate [21].
Taking all the mentioned results into consideration, the three Co-based polypyridyl
CoPPy, CoaPPy, and CoaTPy, turn out to be promising active and stable water
reducing catalysts under acidic conditions. By tuning the ligand framework, distort-
ing the perfect octahedral geometry, less negative reduction potentials of CoII/I are
observed together with higher TONS. Additionally, decreasing the number of pyridyl
subunits, from five to four, somehow leads to significantly higher performance towards
H2 production. Theoretical investigations of the effects of number of pyridyl units and
coordination pocket around Co center on H2 production mechanism and rate limiting
steps will improve our understanding of the water reduction systems and facilitate
the design of more efficient homogeneous catalysts. Our theoretical studies on the
CoaPPy and CoaTPy catalysts in water environment are discussed in Chapter 4.
Water Reduction Catalysts Adsorbed on TiO2 Surface
Regarding the investigation of the WRC immobilized on semiconductor surfaces,
we refer to the work done in the group of Prof. Ju¨rg Osterwalder in Physics Institute
of UZH, the bonding geometry and the electronic structure of the CoPyr adsorbed
on a rutile TiO2(110) surface have been studied by means of STM, photoelectron
spectroscopy (XPS/UPS), and low-energy electron diffraction (LEED). In order to
elucidate the role of the Co2+ center on the molecular levels and their alignment with
the substrate, they also performed a comparative study of the unmetalated Pyr on
the same substrate. [68].
The LEED data indicate that the deposition of 0.1 monolayer (1 ML ≈ 1 Pyr
molecule per 8 TiO2 surface unit cells) of Pyr on TiO2(110) yields randomly dis-
tributed adsorbates, without apparent preferential sites or clustering. This is con-
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firmed by room-temperature STM images, shown in Figure 2.1, where individual Pyr
molecules appear blurred in the form of two lobes on the TiO2(110) surface. These
lobes are aligned along two directions, labeled as A (green) and B (blue) in Fig-
ure 2.1(c) which are tilted by -18 and -20 degrees with respect to the (001) axis,
respectively. The bridging-oxygen rows (white lines in the figure), also observed by
Diebold et al. [69], intersect the molecules between the two lobes. The resolution
of the STM does not provide more detailed information on the internal molecular
structure and binding mode.
Figure 2.1: Empty state STM images of 0.1 ML Pyr on TiO2(110). (a) Adsorbed Pyr
molecules appear as bright elliptical configurations. (b) Region of (c) with optimized con-
trast for the dark lines representing the bridging-oxygen rows of the substrate. (c) Sub-
molecular resolution exhibits two lobes per molecule which allow to identify the molecular
orientation with respect to the bridging-oxygen rows (highlighted by white lines). Two mo-
lecular orientations A and B indicated with green and blue lines, respectively, are observed
with the molecular axis rotated by α ≈ ± 19◦ with respect to (001). (Tunneling conditions:
Us =2.4 V, It=151 pA, scale bar≈3 nm.) For more details, see Ref. [68].
Concerning the metalation of the adsorbed Pyr molecules XPS measurements show
that Pyr/TiO2 is readily metalated at room temperature. The underlying reason for
this spontaneous metalation could not be addressed experimentally. It is known that
the kinetics of the metalation reaction could be influenced by the diffusivity of Co
on the substrate or a different propensity for Co cluster formation [70]. However,
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concerning the obtained STM images it is supposed that the adsorption geometry of
the Pyr molecules prior to the metalation most likely plays a role in enhancing the
metalation process.
UPS measurements indicate that Co incorporation does not induce a drastic varia-
tion of the electronic structure of the adsorbate/substrate system. On the other hand,
it has been observed that the presence of Co significantly enhances the structural sta-
bility against continuous UV-irradiation. While the photo-induced decomposition of
the Pyr molecules is revealed from the evolution of the photoemission spectra, as
shown in Figure 2.2, the CoPyr signal remains stable, suggesting the stabilizing effect
of metalation, which makes it resilient against UV-induced degradation. The reasons
of the increased structural stability followed after Co deposition should be clarified
with the support of the theoretical simulations.
Figure 2.2: Stability of (a) Pyr/TiO2(110) and (b) CoPyr/TiO2(110) under exposure to
He Iα radiation (21.2 eV), measured by continuously recording UP-spectra during 27 min.
(c) Measured valence band spectra for Pyr and the CoPyr with an arbitrary offset added to
the latter. (d) Photoelectron yield as function of time at fixed binding energies I, II and III
as marked in (c). Pyr (dashed lines) shows almost exponentially decaying states, whereas
CoPyr (solid lines) appears to be stable over this time period. For more details, see Ref. [68]
The theoretical approach can provide the most probable adsorption geometries of
the Pyr and CoPyr monomers, and of the monolayers. These simulations can shed
light on the spontaneous metalation of the Pyr molecules. Electronic level alignment
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calculated for the monolayer structures with respect to the TiO2(110) can be compared
with the UPS results. Charge transfer analysis and comparison of neutral and charged
species can provide insights on the increased photo-stability of the CoPyr species with
respect to Pyr. All these calculations are discussed in Chapter 5.
Co-based Water Reduction Catalysts Immobilized on Au(111) Surface
The same research group in Physics Institute of UZH also studied the adsorption
of Pyr on a single crystalline Au(111) surface in ultrahigh vacuum (UHV). They
obtained Pyr coverages up to one monolayer by sublimation of the molecules on a
Au(111) surface at room temperature. Upon deposition of Co metal followed by
subsequent annealing, up to 523 K, 90% of the adsorbed molecules is transformed
into CoPyr. Also in this case the adsorbate/metal systems are then characterized by
means of LEED, STM, and XPS [71].
The LEED patterns obtained before and after metalation reveal a transformation
of the monolayer superstructure. While every Pyr molecule covers an area associ-
ated with 17.5 Au atoms, after metalation process the area per each CoPyr molecule
corresponds to 18.7 Au atoms, i.e., slightly larger than for the starting Pyr super-
structure. A sequence of STM images recorded after Co evaporation on a monolayer
Pyr/Au(111) surface is shown in Figure 2.3. A hexagonally-ordered molecular layer
is observed on top of the preserved herringbone reconstruction of the Au(111) sur-
face. The majority of the molecules are imaged as spots of relatively uniform and
intermediate brightness (labeled as B) representing ≈ 90% of the molecular lattice,
are determined as CoPyr complexes, with Co atoms occupying the central, four-fold
nitrogen-coordinated site. Dark spots (C) mark point defects within the molecular
lattice. Very bright spots (D) and (E) appear to be small remnant Co clusters re-
sulting from the metal deposition and they disappear as annealing proceeds. The
darker gray donut shaped spots (A) which show a slight depression in their center are
identified as non-metalated Pyr molecules. At intermediate stages, some molecules
appear brighter than the most common Pyr image (A), still exhibiting a two lobes
structure. These have been labeled with F. Successive annealing steps to 373 K and
to 423 K increase the number of brighter molecules, the two lobes features change to a
single central protrusion (B). The presence of the F features suggests the existence of
intermediate metalated states formed before the annealing. However, the structures
of these intermediate states could not be identified by the experiments.
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Figure 2.3: STM images covering (a) 50× 50 nm2, (b)-(d) 25× 25 nm2 and (in-
sets) 4× 4 nm2, recorded after Co evaporation on a monolayer Pyr/Au(111) surface at
a sample temperature of 323 K (a,b), and after successive annealing steps to 373 K for
1 hour (c), and to 423 K for 14 hours (d). Tunneling parameters: (a) -1.0 V, 1.0 nA;
(b) +0.8 V, 0.5 nA; inset -1.0 V, 0.5 nA; (c) -0.8 V, 0.5 nA; inset -0.8 V, 0.5 nA; (d) -
0.8 V, 1.0 nA. For more details, see Ref. [71].
To shed more light on the metalation process, XPS measurements have been carried
out to characterize the Co oxidation state and the N species involved. Figure 2.4(a)
shows the Co 2p3/2 spectrum of the metalated Pyr monolayer while the evolution
of the Co 2p3/2 spectrum as a function of the annealing temperature is depicted in
Figure 2.4(b). In the latter, the peak at binding energy of 777.7 eV is attributed to
the metallic Co and it decreases in intensity with the annealing, whereas the peak
with higher binding energy, 780.3 eV, is related to the Co atoms ligated to the cores
of Pyr molecules. One possible interpretation for this metallic-like component in the
Co 2p3/2 spectrum is in terms of the interaction of the molecular Co center with the
substrate. Indeed, a modulation of the binding energy between the molecule and the
Au(111) surface could explain the shift in the photoelectron energy. However, which
is the origin of such modulation has not been fully understood yet. One hypothesis is
that this is related to the different regions characterizing the Au(111) reconstructed
surface or due to different possible adsorption geometries. Therefore, the effects of
different surface domains on binding strength and shifting in XP spectra are the open
questions that should be clarified by theoretical studies.
The N 1s spectra as metalation proceeds are reported in Figure 2.4(c). The
spectrum of Pyr/Au(111) (top curve) shows two bands, compassing photoelectrons
from three different chemical environments: pyridinic (-NH-) with binding energy of
400.1 eV, iminic (-C=N-) at 398.5 eV and cyano (-C≡N) at 397.9 eV. After Co evapo-
ration and subsequent annealing (bottom curve), the spectrum collapses into a single
band. These data also confirm metalation of 90% of the Pyr molecules as deduced
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Figure 2.4: XPS data and corresponding fits of Co 2p3/2 and N 1s spectra before and after
Co evaporation on a monolayer Pyr/Au(111) surface and after subsequent annealing. (a)
Co 2p3/2 spectrum measured after a 12 hour annealing at 523 K fitted with three main
components at binding energies of EB = 780.3 eV (I), 778.9 eV (IV) and 777.7 eV (V) and
two additional satellites at 781.9 eV (II) and 783.7 eV (III). (b) Evolution of the Co 2p3/2
spectra as a function of the annealing temperature fitted with the same five components. (c)
N 1s spectra before the Co evaporation (top), after partial Co evaporation (a quarter of the
total deposition) without annealing (middle) and after the complemented Co evaporation
(resulting in a total coverage of 0.043 ML) with subsequent annealing to 523 K (bottom).
The top spectrum has been fitted with three peaks representing the three different species
of nitrogen atoms in the pyrphyrin molecule: the cyano-N (398.5 eV, red), the pyridinic-N
(400.1 eV, green) and the iminic-N (397.9 eV, blue). After Co metalation in the bottom
spectrum, the pyridinic-N and iminic-N peaks are both greatly reduced and replaced by a
new Co-N peak (399.2 eV, orange). Co evaporation without annealing produces a distinct
shift of the middle spectrum to higher binding energies that can be accounted for by adding
two additional components at 400.8 eV (light-green) and 398.9 eV (light-blue). See Ref. [71]
for more details.
from the STM. On the other hand, already soon after the Co deposition before anneal-
ing a distinct shift of the N 1s spectra to higher binding energies (middle spectrum)
is observed indicating existence of some intermediate states.
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It is remarkable that, although in many related porphyrin monolayer systems the
metalation reaction occurs rapidly and spontaneously upon metal deposition at 300 K, [72]
the metalation of Pyr on Au(111) needs to be activated. The probable reasons, though
not yet assessed by the experimental evidence, are the structural differences of Pyr
cores with respect to the porphyrins and/or the presence of some intermediate steps
acting as bottleneck during the metalation process.
In summary, the optimized geometry of the Pyr and CoPyr monomers, the for-
mation of Pyr monolayer, and the metalation dynamics of Pyr assembly on Au(111)
surface are the open questions raised by the experimentalists that we are going to
address by the computational modeling approach. In particular, the effects of the
herringbone reconstruction, possible intermediate metalated states are discussed in
Chapter 6.

3 Theoretical Approaches
In this chapter, the main underlying principles of Density Functional Theory and
Ab-initio Molecular Dynamics simulations that are used throughout this thesis are
briefly introduced. In particular, the standard and hybrid DFT formalisms, the aug-
mentation of DFT by adequate corrections for the van der Waals interactions, the
theoretical framework of AIMD, the simulation of spectroscopic properties, and sev-
eral methods for analyzing the calculated electronic structure are introduced and
correlated by examples. As a final remark challenges and limitations of DFT-based
simulations are discussed.
3.1 Density Functional Theory and Ab Initio Molecular
Dynamics
DFT is developed by Hohenberg, Kohn, and Sham [73,74] in 1964 as a minimization
problem of ground-state energy as a function of electron density. The approach is
to solve any fully interacting problem by mapping it to a non-interacting problem
introducing exchange–correlation functionals, see Equation 3.1.
E = Exc[ρ(r)] + Ts[ρ(r)] + J [ρ(r)] +
∫
vext(r)ρ(r)dr (3.1)
Exc[ρ(r)] term is the exchange and correlational energy contribution. While electron
correlation addresses how an electron interacts/sees the other electrons in an atom or
molecule, the electron exchange related to the Pauli Exclusion principle describes the
exchange of electrons between a fermion and a boson. T s[ρ(r)] is the kinetic energy
of the non-interacting system, J [ρ(r)] is the classical Coulomb repulsion energy, and∫
vext(r)ρ(r)dr is the interaction of the external potential acting on the electrons. All
of these terms are called functionals which depend on the electron density ρ(r), i.e.,
the number of electrons per unit volume.
The electron density can be expressed in many ways [75], however Gaussian and
plane wave formalism is shown to be significantly efficient for the description of the
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orbitals [76]. A localized Gaussian basis set positioned at each atom is used to expand
the Kohn-Sham orbitals and an auxiliary plane wave basis set is used to describe the
electron density, thus improving the computational performance in the calculation of
the Coulomb interactions. The description of the total charge density ρ(r) is given in
Equation 3.2.
ρ(r) =
∑
n
fn|ψ(r)|2 =
∑
n
fn
∑
αβ
CαnCβnϕα(r)ϕβ(r) =
∑
αβ
Pαβϕα(r)ϕβ(r) (3.2)
where the ψ(r) are the molecular orbitals and fn is the occupation number of the
corresponding molecular orbital. The Cαn are the expansion coefficients which are
the variables during wave function optimization. While the density matrix Pαβ is
determined by the Cαn terms, its size depends on the total number of basis set func-
tions. The real space integration of the atomic orbitals, ϕα(r) and ϕβ(r), give the
overlap matrix, i.e., Sαβ=〈ϕα|ϕβ〉. This formalism of the electron density is shown to
be a suitable choice for large scale DFT simulations [71,77].
Although, the achievement in introducing electron density dependence of the total
energy instead of the electron wave functions and providing simple, universal, and
self-consistent-field description of the ground-state electronic structure, any practical
usage of DFT requires an accurate description to the exchange and correlational
functional, Exc[ρ(r)], see Equation 3.3.
Exc[ρ(r)] = (Vee[ρ(r)]− J [ρ(r)]) + (T [ρ(r)]− Ts[ρ(r)]) (3.3)
where T [ρ(r)] is the kinetic energy of the interacting system and V ee[ρ(r)] is the non-
classical interaction between electrons. Although, the exact analytic expression of the
exchange–correlation functional is not known, approximations to these terms have
been demonstrated to be able capture most of the physical/chemical properties of
many systems from solid state to liquid environment.
Many methods have been proposed to calculate exchange-correlation contribution
to the total energy [78]. One of the most commonly used one is the Generalized
Gradient Approximation (GGA), where the exchange and correlation energy depends
on both electron density and its gradient [79]. This method includes semiempir-
ical functionals which consist of one or more parameters fitted to experimentally
observed quantities. Perdew-Burke-Ernzerhof (PBE) [80] and Becke exchange/Lee-
Yang-Parr correlation (BLYP) [81] are the most popular semiempirical functionals.
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These functionals are successfully applied to many systems, i.e., metals and 2D self-
assemblies [82]. However, it is shown that they fail to accurately reproduce some ex-
perimentally observed properties of some particular systems, such as oxides, transition
metal deposited macrocyclic molecules and aqueous environments. Often the inaccu-
racies are related to the incorrect description of electronic localization by standard
DFT [83]. The reason is attributed to the incomplete cancellation of the Coulomb self
interaction in GGA functionals, which leads to the stabilization of electrons’ delocal-
ization [84]. For instance, the PBE density functional captures structural properties of
both bulk phase and surface of TiO2, however the band gap of bulk TiO2 is predicted
as 1.74 eV [85], which significantly underestimates the experimental band gap of 3.2
eV [86]. Therefore, for electronic structure analysis and band alignment of oxides one
should go beyond GGA [87].
One of the commonly applied method to overcome the failure of GGA is to use
hybrid density functionals, which mix the exact Hartree-Fock exchange from [88]
and GGA. Applying hybrid functionals removes some of the self–interaction error
and favors localized electronic states by reducing the barrier to the localization. [89]
Including orbital analogue of exchange formalism in hybrid functionals often improves
the accuracy of the simulations, however the computational cost significantly increases
by an order of magnitude with respect to the pure GGA formalism. The most popular
hybrid functionals are, e.g., HSE06 [90,91] and PBE0 [92]. The band gap of bulk TiO2
results to be 4.21 eV [93] and 3.35 eV [87] by PBE0 and HSE06, respectively. Since also
the hybrid functional formalism introduces some empiricism in the combination of the
schemes, it is always recommendable to perform the pre-tuning of the computational
settings on some known property. In the specific case, the HSE06 is to be preferred to
the PBE0 description. For more details on the effects of employed density functionals
on the properties of TiO2 bulk and slab, see Chapter 5.
In addition to the difference in calculated band gaps, the fingerprints of the se-
lected formalism appear also by comparing the total or projected density of states,
TDOS or PDOS, of the system under consideration. The inspection of the density
of states provides further information on the redistribution of the molecular orbitals
upon adsorption and on the nature of the interactions. Figure 3.1 shows the compar-
ison between the PDOS computed for CoPyr in the gas phase using HSE06 or PBE.
The localization of the electronic states introduced using HSE06 has a clear effect
on the energy distribution of the orbitals with 2p-NCN and 3d-Co(II) character. In
particular, the highest occupied states at the Co(II) metallic center are stabilized by
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Figure 3.1: PDOS on different species of CoPyr calculated using HSE06 (red solid line) and
PBE in the gas phase (black solid line). a) PDOS on Co, 3d states. b) PDOS on the central
N atoms binding to the pyridine rings (Np), 2p states. c) PDOS on the external N atoms
belonging to the cyano groups (NCN), 2p states. d) PDOS on all carbon atoms, 2p states.
Energy states of CoPyr are aligned with respect to its valence band maxium (VBM). For
the schematic representation of CoPyr, see Figure 5.5 in Chapter 5.
about 2 eV, while the lowest unoccupied states are pushed to higher energies by more
than 1 eV. This corresponds to the decoupling of these states from the states on Np
and C, in particular for what concerns the unoccupied orbitals. With PBE, instead,
the unoccupied states projected on C and Np are hybridized with the delocalized 3d
states of Co at about 2.5 eV. This has a pinning effect that most probably prevents
the further relaxation of the energy gap, see also Figure 3.2 and Table 3.1.
The PDOS on the different atomic species in CoPyr and Pyr are compared in
Figure 3.2. The corresponding energy gaps obtained with both the PBE and the
HSE06 density functional are reported in Table 3.1. The band gap correction achieved
using HSE06 with respect to PBE is around 0.57 eV for CoPyr and it is roughly
0.71 eV for Pyr. The PDOS analysis suggests that the significant difference in the
distribution of energy states calculated using PBE and HSE06 is mainly due to the
cyano nitrogens. These results confirm that HSE06 corrects the ground state electron
distribution not only for transition metal deposited macrocyclic molecules but also
for the metal-free ones.
Also in the description of the electronic structure of liquid water, PBE underesti-
mates band gap by more than 4 eV [94]. The difference becomes less pronounced in
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Figure 3.2: PDOS on different species of CoPyr (red solid line) and Pyr (blue solid line)
calculated using PBE (left) and HSE06 (right) in the gas phase. a) PDOS on Co, 3d states.
b) PDOS on the central N atoms binding to the pyridine rings (Np), 2p states. c) PDOS
on the external N atoms belonging to the cyano groups (NCN), 2p states. d) PDOS on all
carbon atoms, 2p states. For the schematic representations of CoPyr and Pyr, see Figure 5.5
in Chapter 5.
Table 3.1: Homo-lumo gap (Egap) of Pyr and CoPyr calculated with different density func-
tionals.
Molecule Functional Egap [eV]
Pyr PBE 1.52
Pyr HSE06 2.23
CoPyr PBE 1.46
CoPyr HSE06 2.03
the case of solvated WRC. Indeed, the experimental energy gap of CoaTPy, in aque-
ous solution has been measured to be 3.87 eV and the one obtained for one CoaTpy
molecule solvated in 215 water molecules gives 1.68 eV and 3.75 eV using PBE and
PBE0, respectively. Figure 3.3 shows the calculated homo and lumo orbitals of CoaT-
Py/water system using PBE and PBE0. Although, PBE underestimates the gap by
2.07 eV with respect to PBE0, the localizations are very similar for the two density
functionals. While the homo is distributed over the Co(II) center and the pyridine
nitrogens, the lumo is mainly located on the bipyridine ring.
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(a) (b) (c) (d)
Figure 3.3: Frontier molecular orbitals of CoaTPy/water system using different exchange-
correlation density functionals. a) Homo and b) lumo calculated by PBE, c)Homo and
d)lumo calculated by PBE0. Color code: gray: C, white: H, red: O, blue: N, and purple:
Co. While CoaTPy is depicted as ball and stick representation, water solvent is shown by
sticks. Isosurface (green for positive and orange for negative) is set to 0.04 e/A˚3.
The proposed density functionals are also unable to accurately describe the disper-
sion interactions among non bonded subsystems at an intermediate distance. This is
mainly due to deficiencies in the description of the correlation interaction and to a
not correct fast decay of the electron density away from the atomic centers. This flaw
of DFT might have important consequences in the description of the geometries of
systems where these type of interactions play an important role. This is the case, for
instance, of molecule/substrate systems. However, effects are also to be noticed in the
dynamics of soft condensed matter systems, like water. One example is cis/trans co-
ordination of the ligand with respect to the anchoring group adsorbed on the anatase
TiO2 (110) surface that affects the binding mode of the molecule. [95]. One common
approach is to add an empirical dispersion energy correction term, as for example
suggested by Grimme et al. [96], on top of the total energy obtained by DFT. The
simplest for of this type of correction is a pairwise interaction parametrized for each
specific atomic species and defined as;
Edisp = −1
2
∑
A,B
fdamp(rAB, r
vdW
A , r
vdW
B )C6,ABr
−6
AB (3.4)
Here rAB is the distance between particles A and B, and fdamp is a factor introduced to
prevent divergence in calculated Edisp for small rAB. The dispersion coefficients C6,AB
are fitted to some reference data sets and might also depend on the coordination
numbers of each atom. When depending on the number of neighbors, the appropriate
coefficient is assigned to each specific pair AB and is updated at each simulation step.
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Overall, such a correction type reproduces the expected 1/r6AB asymptotic behavior
and it is the most widely employed formalism that corrects the dispersion interactions.
An alternative method introduces non-local van der Waals (vdW) density function-
als, which directly depend on the electronic density and have to be calculated within
the self consistent cycle. Within this approach, the correlation term is partitioned into
local and non-local contributions. These are treated by means of different functional
forms. The general expression for the non-local correlation energy Enlc is given as [97];
Enlc =
1
2
∫ ∫
ρ(r1)φ(r1, r2)ρ(r2)d
3r1d
3r2 (3.5)
where φ(r1,r2) is the integration kernel showing 1/r
6
12 asymptotic behavior. The non
locality comes from the two center form of the kernel,
φ(r1, r2) = φ(ρ(r1), ρ(r2), |∇ρ(r1)|, |∇ρ(r2)|, |r1 − r2|) (3.6)
The most popular non-local vdW density functionals are, e.g., Vydrov–Voorhis
(rVV10) [98, 99] in revised form and Dion–Rydberg–Schroder–Langreth–Lundqvist
(DRSLL) [100]. It has been demonstrated that the short range regime of the vdW in-
teractions are in most of the cases accurately captured by rVV10 [101]. Although, the
performance of DRSLL is quite good for gas-phase dimers and solids, the calculated
dispersion energy terms are generally larger than the ones obtained by rVV10 [97].
The dispersion corrections are always taken into account for the simulations re-
ported in this thesis. The rVV10 vdW formalism combined with the PBE exchange-
correlation functional is used for modeling Co-based catalysts in aqueous environment,
placed in Chapter 4, the Grimme-D3 scheme is employed for the CoPyr adsorption
on TiO2 surface, see Chapter 5. The effects of Grimme-D3, rVV10, and DRSLL vdW
schemes on Au(111) surface structure are detaily discussed in Chapter 6.
By taking advantage of DFT, one can optimize structures, determine the most stable
adsorption geometries, calculate corresponding adsorption and interaction energies,
and extract different structural and electronic properties. Electronic structures can
be analyzed by calculating PDOS, schematic representation of molecular orbitals,
population analysis, charge distribution maps, and charge density difference maps.
All these analytical tools are heavily used in the discussion of the results reported in
this thesis.
Starting from the computed electronic structure, it is a common practice to try
to reproduce the outcome of experiments such as STM images, XPS/UPS spectra,
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infrared spectra, etc. The direct comparison to the experimental data not only allows
the assessment of the computational settings, but also rational interpretation of the
experimental results. As theoretical model for the STM we employ the Tersoff and
Hamann approach, proposed in 1985 [102]. The tip is considered as a locally spherical
potential well and using first-order perturbation theory the tunneling current becomes
proportional to;
I ∝ ρb(z)e−2kR
√
Φ (3.7)
where z is the height of the tip above the slab, ρb is the charge density of states
within bias potential from the Fermi energy, Φ is the local work function, R is the tip
curvature radius, and k=
√
2me/~. Theoretical STM images are obtained by keeping
ρb(z)e
−2kR√Φ term at a constant value for different positions in xy plane over the slab.
The examples of the calculated STM images are depicted in Chapter 6.
The exploration of the conformational space at finite temperature is obtained by
running AIMD [103] through the generation of trajectories of several picoseconds.
Phase-space trajectories are generated via numerical integration of the equations of
motion. Within the Born-Oppenheimer (adiabatic) Approximation [104], at each
atomic configuration the electronic structure problem is solved in the ground state.
This means that the dynamics of electrons is not propagated, because it is assumed
that electrons instantaneously adjust to the atomic configuration. Therefore, the
electrons are fully decoupled from the nuclear motion at each MD step. Nuclei is
subsequently propogated according to the forces obtained from the electronic structure
calculation from timestep to timestep.
Along the AIMD trajectory, energies and forces are calculated on-the-fly at each
time step. For a reasonably long sampling of the phase space, this obviously requires
significantly large computational resources, well beyond those needed for single point
calculations or even geometry optimizations. To reduce the computational costs em-
pirical or semi-empiricial models could be employed. However, the poor transferability
of the empirical parameters limits the applicability of such models to complex systems
with important evolution of the electronic structure.
Effective sampling of the phase space which might include many energetically deep,
separated wells is crucial, since otherwise rare events can not be simulated within
feasible computational times. Several methods have been proposed to enhance the
exploration of the phase space. One of those methods is metadynamics (MTD) [105,
106], which samples the free energy surface (FES) uniformly based on a history-
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dependent bias potential. The applied bias potential accelerates the exploration of
the phase space thus enabling monitoring rare events. Properly selected collective
variables (CVs), which are functions of the microscopic coordinates describing the
most relevant structural changes are used to describe and reduce the dimension of
the FES. Thanks to this scheme several rare events can be captured and FES can be
constructed accurately in affordable computational times.
3.2 Challenges of Quantum Chemical Methods
In order to understand the physical properties of condensed matter and to develop
efficient photocatalytically active devices, one has to use adequate theoretical meth-
ods. Although, DFT is a powerful tool to analyze and screen many systems, such
as homogeneous catalysts immersed in solution, semiconductors or metal surfaces, it
also brings some limitations and challenges. One important issue is the computation-
ally feasible system size. For example, when modeling a slab, the selected number
of layers included in the model might affect the resulting structural and electronic
properties. When dynamics properties are considered, the spatial correlation can also
become an important drawback. There are properties that are more slowly converg-
ing with the system size, as for instance the surface energy of a slab or the diffusion
coefficient in a liquid. Hence, depending on the specific goal of the investigation,
different types of model can result more or less appropriate. In case of the surface
energy of rutile TiO2(110), it is known that it depends on both the thickness of the
slab and the number of slab layers that are relaxed during the simulation [87]. While
increasing number of layers from 5 to 9 reduces surface energy roughly by 0.05 J/m2,
employing relaxed four outermost layers decreases surface energy by more than 1.05
J/m2 with respect to the fully rigid slab model, see Chapter 5 for details. In this
regard, Harris and Quong [107] proposed a method called ”25% rule” to determine
the adequate slab thickness that should be used in the simulations. The requirement
is also similar for liquids where one should use large simulation box with sufficient
number of molecules to correctly reproduce the experimental observations, such as
liquid density, see Chapter 4 for details. While the system size has to be large enough
to increase the calculated accuracy, it also increases computational effort. The rea-
son is that the computation does not scale linearly with the system size, and the
exact scaling depends on the specific algorithms employed for the optimization of the
self-consistent-field problem. In case of AIMD runs required computational source
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becomes even more expensive than DFT calculations. Therefore, one needs to find a
compromise between accuracy and the computational cost.
As already stated, the other issue is the uncertain forms of exchange–correlation
functionals. An appropriate, carefully chosen exchange-correlational formalism has to
be applied for each system under consideration. For instance, BLYP density functional
is considered to be a good choice for systems with transition metals, however for
organic compounds, instead, B3LYP is preferred. Although, the selected exchange–
correlation scheme might limit the accuracy and cause a dilemma in trusting obtained
results there are several methods beyond DFT are developed and successfully used to
increase the accuracy of the calculations [108,109].
In spite of several limitations, in both the accuracy of the DFT description and
size of the feasible models, this approach seems to be the most appropriate one to
study the systems of interest in this work. Today DFT is an important tool to
obtain optimized geometries of the complexes, analyze electronic structures, model
many spectroscopic techniques, determine intermediate states of the reactions, and
so on. Constant improvement in computational algorithms together with rapidly
increasing computer power enable us to find for each research problem an approach
with optimal balance between computational cost and accuracy. DFT and AIMD are
the robust methods used to supervise experimentalists to build promising materials
towards photo-catalytic applications.
4 Poly-pyridyl Cobalt-based Catalysts in
Water: The Effects of Ligand Type and
Coordination Pocket on H2 Production
Mechanism [110]
In this chapter, H2 production reaction via Co-based poly-pyridyl homogeneous
catalysts, CoaPPy and CoaTPy, immersed in water environment is discussed. We
investigate the number of pyridyl subunits, the poly-pyridyl and bipyridyl ligand
structures, the distortion of the ligands, and also the coordination sphere around the
Co center and how these features affect the water reduction mechanism. In order
to verify the relative stability of the intermediate states and the role of the solvent,
we investigate the different oxidation states, CoII, CoI, CoIII−H , and CoII−H. While
each reaction step is sampled using AIMD at the GGA level of theory, more detailed
electronic structure analysis of selected AIMD snapshots is performed at the PBE0
level of theory.
Following a brief introduction on the proposed catalytic cycle for the H2 produc-
tion, we describe the applied methodology and the used models for describing the
solution of the catalysts in water. Next, we monitor solvent response and structural
changes occurring in the catalysts at each intermediate step of the water reduction
cycle. We analyze in detail the electronic structure of the complexes before and after
the reduction reaction. Reduction free energies are then calculated assuming a liner
solvent response and a connection between the ligand type and H2 production per-
formance is established. We expect that this study will clarify how the ligand type
and the coordination sphere around the metal center influence the mechanism, thus
identifying the structural and electronic aspects that must be tuned to optimize the
process.
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Catalytic Cycle for H2 Production
Figure 4.1(a) shows possible catalytic steps towards H2 production as well as cor-
responding oxidation states of the Co center. Taking experimental evidences into
account, in this work we focus on the heterolytic reaction pathway shown by black
solid lines and Co oxidation states depicted by red circles. This pathway requires sub-
sequent electron and proton transfer to the Co center, hence the reaction is described
as 2-electron and 2-proton transfer reaction. In accordance with the proposed reac-
tion mechanism, we intend to simulate the equilibrium at each oxidation state, add
charges and protons to change the oxidation state, monitor structural and electronic
properties, compare different spin states, and compute the reduction potential, which
will help us understanding the probable reasons of different catalytic performance
observed for two catalysts.
Figure 4.1(b) illustrates all intermediate steps under consideration with m(Catalyst)+q
formalism where +q refers to the total system charge and m is the multiplicity.
The initial catalytic state is 4(Catalyst)+2 and the first electron injection might re-
sult in one among two possible states with different multiplicity, 3(Catalyst)+1 and
1(Catalyst)+1. We consider both spin states in our simulations. Followed by a pro-
tonation reaction 1(Catalyst-H)+2 is obtained and second electron injection yields
2(Catalyst-H)+1. The reaction cycle is completed with second protonation yielding
4(Catalyst-H)+2-H2 and after this step H2 release from the catalytic center should be
observed. As the same vein as CoaTPy, we consider all these intermediate steps also
for CoaPPy in our simulations.
(a) (b)
Figure 4.1: (a) Simplified scheme of the relevant reduction and protonation steps for H2
formation on cobalt poly-pyridine catalysts. We focus on the reaction pathway shown by
black solid lines and corresponding Co oxidation states depicted by red circles. (b) All
intermediate steps under consideration are shown with m(Catalyst)+q formalism where +q
depicts total system charge and m shows multiplicity.
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4.1 Computational Methodology
The electronic structure calculations are performed at the Kohn-Sham DFT level,
employing the Gaussian and plane wave (GPW) formalism as implemented in the
CP2K/QUICKSTEP package [111]. Valence electrons are treated explicitly, while
norm-conserving Goedecker–Teter–Hutter (GTH) pseudo potentials [112] are used to
describe the interactions between the valence electrons and the atomic cores. The
valence shells contain 17, 6, 4, 1, and 5 electrons for Co, O, C, H, and N, respectively.
Double-zeta valence plus polarization (DZVP) basis sets, optimized on molecular ge-
ometries (Mol-Opt method) [113], are employed for all atomic kinds. A cutoff of 400
Ry is used for the auxiliary plane wave basis set. Periodic boundary conditions and
spin polarizations are always applied.
AIMD simulations are carried out for two Co-pyridyl complexes, CoaTPy and
CoaPPy, within a fully explicit solvent environment in a cubic box. This approach
allows for the hybridization of the localized electronic states of the redox active so-
lutes with the extended band states of the solvent. The systems are equilibrated and
their volumes are determined by first running 20 ps of AIMD in the NPT ensemble.
AIMD/NPT runs result in a cubic box of 19.1 A˚3 for both systems containing 215
water molecules. Then, keeping the volume constant at its equilibrium value, the
solvated catalysts are further equilibrated within the NVT ensemble for 10-15 ps. A
time step of 0.5 fs is used and temperature is kept constant at around 300 K using the
CSVR thermostat [114] with a time constant of 100 fs. The equilibration is followed
by the production run, where the solution is sampled for other 15 ps in the NVT
ensemble. The charges of the systems are neutralized by a negative homogeneous
background charge density, instead of using explicit counterions [115].
All geometry optimizations of the catalysts in vacuum and the AIMD runs for
the catalysts/water systems are performed using the general gradient approximation
(GGA) by Perdew–Burke–Enzerhof (PBE) [80]. Dispersion interactions are included
via the nonlocal electron correlation scheme conceived by Vydrov and Van Voorhis,
in the revised form (rVV10) proposed by Sabatini et al. [99]. In the analytic expres-
sion of the rVV10 density functional the short-range interactions are governed by the
empirical parameter b, which is set to 9.3 in this work. This level of theory has been
shown to be sufficiently accurate to describe the structural properties of liquid wa-
ter [94]. On the other hand, it is known that PBE significantly mispredicts the energy
gap and molecular energy levels alignment of water and solute [94]. Moreover, the
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delocalization error introduced by the GGA functionals leads to the underestimation
of the redox potentials. The misalignment of the molecular states of the solute and the
band states of the solvent aggravates the error. The electronic structure calculations
performed with hybrid-functionals should substantially correct for these problems.
Hence, we are going to perform the analysis of molecular orbital and spin-density
distribution applying the PBE0 [92] hybrid density functional together with rVV10
electron correlation. In the case of hybrid density functional, the empirical parameter
b in rVV10 is set to 5.3 [116]. All hybrid functional calculations are performed with
the help of the auxiliary density matrix method (ADMM) [117–119], which provides
a significant speed up. Despite the speed up obtained with ADMM, hybrid func-
tional AIMD are still computationally very demanding and do not produce important
structural changes with respect to the PBE scheme. Therefore, our strategy consists
in carrying out AIMD runs at the PBE-rVV10 level of theory and refine the elec-
tronic structures of a sufficiently large number of selected snapshots distributed over
the generated production trajectory using PBE0-rVV10 density functional. We then
compute the reduction potential, which consist in adiabatically adding an electron to
the solution, using the free energy perturbation (FEP) approach. The scheme consists
in the reversible addition of an electron by simply changing the number of electrons
and re-optimizing the electronic state of a large number of snapshots extracted along
the AIMD sampling [120].
4.2 Structure and Solvation
4.2.1 Co-based Poly-pyridyl Catalysts in Vacuum
Figure 4.2 illustrates the ball and stick sketches of CoaPPy and CoaTPy as
well as CoPPy for comparison. CoPPy has pentapyridine ligand framework which
provides perfectly symmetric octahedral coordination around Co center. Four pyridine
nitrogens, labeled as NLpy1, NLpy2, NRpy1, and NRpy2, occupy the equatorial plane,
while one pyridine nitrogen, NVpy1, is located in the axial position. Besides, CoPPy
has two hydroxy functions in the backbone. Although, CoPPy and CoaPPy have
the same denticity, the latter is less symmetric. CoaPPy consists of two bipyridine
units, one single pyridyl donor, and one hydroxy function in the backbone. The
four pyridine nitrogens at equatorial positions are not coplanar, i.e., the coordination
pocket around Co is not an ideal pentadentate. CoaTPy is, instead, characterized
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by a different number of pyridyl and bipyridyl subunits with respect to CoPPy and
CoaPPy, and, as a consequence, a different coordination environment around the Co
center. CoaTPy consists of one bipyridine unit, two pyridyl donors, and one hydroxy
function in the backbone. Also in this case the coordination is not ideal pentadentate
and yields a strongly distorted structure.
NVpy1
NLpy2 NRpy1
NLpy1
Owater1
NRpy2
Owater2
(a) CoPPy (b) CoaPPy (c) CoaTPy
Figure 4.2: Ball and stick representations of a) CoPPy, b) CoaPPy, and c) CoaTPy. The
nitrogens in differently positioned pyridyl rings are labeled as NLpy1, NLpy2, NRpy1, NRpy2,
and NVpy1. The oxygen belonging to the closest water molecule to the Co center is labeled
as Owater1, while the second closest oxygen in the solvent is displayed with Owater2. Color
code: green: C, white: H, purple: Co, blue: N, red: O.
The most relevant structural parameters characterizing the optimized geometries of
the catalysts are the distances between Co and nitrogens in different pyridyl rings and
the distances between Co and oxygens of different water molecules, and are summa-
rized in Table 4.1. The laterally located nitrogens in CoPPy are slightly more distant
from the Co center than the vertically positioned nitrogen, NVpy1. On the other hand,
N-Co distances are, in general, shorter in CoaPPy and CoaTPy with respect to the
CoPPy. Taking all Co-N distances into consideration, the interactions between Co
and Ns can be described as binding which is also agree with the results in the lit-
erature [24]. The available experimental data suggest that there is only one water
molecule coordinating with the Co center of CoPPy and CoaPPy, and two coordinat-
ing to CoaTPy [21,24]. The water molecules coordinating to CoPPy and CoaTPy can
be considered as binding because of the relatively short dOwater1 and dOwater2 distances.
The water molecule coordinating to CoaPPy, instead, can be described as unbound,
being the dOwater1 3.89 A˚.
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Table 4.1: Structural parameters for the optimized geometries of CoPPy, CoaPPy, and
CoaTPy catalysts in gas phase. dNLpy1 is the distance between Co and NLpy1; dNLpy2 is the
distance between Co and NLpy2; dNVpy1 is the distance between Co and NVpy1; dNRpy1 is the
distance between Co and NRpy1; dNRpy2 is the distance between Co and NRpy2; dOwater1 is
the distance between O in first water molecule (Owater1) and Co; and the distance between
O in second water molecule (Owater2) and Co is displayed with dOwater2 . All distances are
reported in A˚.
Catalyst dNLpy1 dNLpy2 dNVpy1 dNRpy1 dNRpy2 dOwater1 dOwater2
CoPPy 2.12 2.14 2.09 2.14 2.13 2.22 –
CoaPPy 2.08 2.10 2.03 2.07 2.09 3.89 –
CoaTPy 2.09 – 2.07 2.04 2.08 2.16 2.39
In this subsection we compared the geometrical parameters of CoaPPy, CoaTPy,
and CoPPy in the gas phase to emphasize the differences between the distorted struc-
tures and the perfectly symmetric one. From now on, we will only consider CoaPPy
and CoaTPy catalysts solvated in water environment.
4.2.2 Simulation of Bulk Water
Liquid water has been widely studied with molecular dynamics simulations using
many quantum-chemical models [121–123]. However, the accurate description of its
structural and electronic properties is not trivial. Due to the intensive computational
effort required by AIMD runs, generally cheaper GGA density functionals, i.e. PBE,
have been used in the literature for modeling bulk water. In order to properly re-
produce the structural and dynamic character of the hydrogen bonding network in
liquid water, it is advisable to run DFT simulations with vdW corrected functionals.
Recently, Ambrosio et al. [94] carried out AIMD/NVT simulations and investigated
the effects of regarding/disregarding dispersion interactions on hydrogen bonding net-
work of bulk water using PBE and PBE-rVV10 (empirical parameter, b=9.3) density
functionals. Their results are summarized in Figure 4.3. As a general observation,
the inclusion of nonlocal vdW interactions improves the overall description of the
structural properties of liquid water. The oxygen-oxygen radial distribution func-
tion, gOO(r) in Figure 4.3(a) shows that the height of the first peak is larger for
PBE, whereas PBE-rVV10 is closer to the experimental observations of Skinner et
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al. [124]. Besides, the second shell feature is also more pronounced in the PBE gOO(r)
meaning that PBE gives slightly more structured water with respect to PBE-rVV10.
This is also confirmed by the histogram in Figure 4.3(b), which provides a compar-
ison between the number of hydrogen bonds formed by individual molecules in the
simulations based on the two different density functionals. It appears clearly that
the PBE simulations at the experimental density yield important differences in the
hydrogen-bond network, compared to PBE-rVV10. The percentage of molecules with
four hydrogen bonds is reduced from 66% to 52% and the average number of hy-
drogen bonds is reduced from 3.67 to 3.59, when going from PBE to PBE-rVV10.
The latter value can be compared to the experimental value of 3.58 [124]. Since the
picture obtained using non-local electron correlation is closer to the experiments, we
use PBE-rVV10 formalism in our AIMD simulations.
Figure 4.3: (a) Oxygen-oxygen radial distribution function, gOO(r), obtained through PBE
and PBE-rVV10 (b=9.3) AIMD simulations at 350 K, and compared to experimental data
from x-ray diffraction obtained at ambient temperature [124]. The inset shows the distribu-
tion of distances in the first coordination shell, distinguishing between the first four nearest
water molecules and the fifth. (b) Distribution of water molecules according to the number
of hydrogen bonds formed, as obtained from PBE and PBE-rVV10 (b=9.3) AIMD simula-
tions. Reproduced with permission from J. Chem. Phys. 63 (2015) [94]. Copyright 2015
American Chemical Society.
4.2.3 System Size Dependence
The evaluation of redox potentials might be affected by the limitation in system
size, therefore it is an important parameter in AIMD. While the water box should be
large enough to avoid artifacts due to a too high concentration of the solute or too
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strong spatial correlations in the solvent fluctuations, large simulation cells have an
important impact on the computational effort. The minimal requirement is that the
periodically repeated box is large enough such that the solute does not interact with
its images, not event through long range structural rearrangements of the surround-
ing solvent. This can be verified by ensuring that after a certain distance from the
solute molecule there is a sufficiently thick water shell behaving as bulk liquid water.
Structural features that can be easily monitored in this respect is the radial distribu-
tion function and the hydrogen bonding network. The radial distribution functions
presented in Figure 4.4 are computed from two simulation cells, one containing one
CoaTPy catalyst in a box of 495 water molecules (relatively large system) and the
other with only 215 water molecules (moderately large system). We observe that the
oxygen-oxygen (gOO, Figure 4.4(a)), and oxygen-hydrogen (gOH, Figure 4.4(b)) radial
distribution functions, computed from the bulk liquid region of the simulation cell (O
at distance larger than 7 A˚ from catalyst) do not change significantly by changing the
size of the system. On the other hand, we see some slight deviations in Co-O (gCo−O,
Figure 4.4(c)) and Co-H (gCo−H, Figure 4.4(d)) radial distributions. Although the
behavior obtained by two boxes is similar, the larger water box has more peaks and
O and H atoms around Co atom seem more structured. However, these differences
can be attributed to the shorter sampling achieved with the larger simulation cell,
which could run only for 6 ps, while the sampling performed with the smaller cell is
three times longer, for 18 ps. We will further extend the sampling of the larger box
to improve the statistics and better evaluate the size effects. Since anyway the radial
distribution functions computed for two boxes can be considered substantially equiv-
alent, we conclude that the 215 water molecules box is sufficiently large for modeling
the solvation of the catalysts addressed in this work. Therefore, we will use smaller
water box containing of 215 water molecules in subsequent simulations.
4.2.4 Post-processing: Auto-correlation Function
The molecular dynamics procedure allows to generate trajectories that sample a
specific statistical ensemble characterized by some given thermodynamic properties,
i.e., N, V, and T. The ergodic hypothesis ensure that the sampling visits all acces-
sible microscopic states according to the ensemble specific probability distribution
and that observable macroscopic and dynamic properties can be extracted from the
sampling by applying statistical mechanics. In particular, ensemble averages can be
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Figure 4.4: (a) Oxygen-oxygen gOO, (b) oxygen-hydrogen gOH, (c) cobalt-oxygen gCo−O,
and (d) cobalt-hydrogen gCo−H radial distribution functions. Red and blue solid lines are
for water boxes containing 495 and 215 water molecules, respectively.
obtained as time averages over sufficiently long trajectories. This said, one recurrent
issue is to determine how long the sampling should run to obtain distributions that
are statistically meaningful and converged. This depends strongly on the properties
of interest, since different physical quantities may have rather different fluctuations
and convergence behavior. When exploring an equilibrium thermodynamic state, it
is then important to monitor the properties of interest along the trajectory, consid-
ering averages and fluctuations. Since MD is a deterministic scheme and subsequent
configurations along the trajectory are strongly correlated. In order to be sure that
the sampling of a property is statistically relevant, the correlation between separate
evaluations has to decay to zero. In other words, by evaluating the auto-correlation
function of the property, it is possible to estimate the length of the correlation time
interval, i.e., the time space that separates two statistically independent evaluation of
the quantity.
The auto-correlation function, Ck reveals any pattern that may exist between the
observation of a quantity y at two different moments along the trajectory separated
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by a time interval t=k×∆t and it is computed from;
Ck =
n−k∑
i=1
(yk+i − y)(yi − y)
n∑
i=1
(yi − y)2
(4.1)
where k is lag, y is the instantaneous value of the variable, and y is its time average.
As long as time is small compared to the correlation time, the oscillation property yi
appears to be particular to the initial condition y1, and yk+i remains correlated with
yi. However, for times longer than the correlation time, the trajectory loses memory
of its initial condition and yk+i and yi become uncorrelated [125].
In the present study we want to investigate the electronic properties by monitoring
the fluctuations of some electronic parameters and relating them to the structural
features of the solvated catalysts. Hence, we need to extract from the trajectories a
statistically relevant set of configurations to be used for this analysis. The optimal
distribution of the extracted snapshots can be determined by evaluating the correla-
tion decay for some structural parameter that is closely related to the properties that
we want to estimate. Indeed, the length of a correlation time depends on the nature
of the system and the property under consideration. We choose the dihedral angle
formed by NLpy1–NVpy1–Co–NRpy1 as the structural parameter to monitor, because
this has a direct relation to the electronic state of the Co center. To illustrate the ap-
proach to evaluate the decay of correlations, we take the case of solvated 4(CoaTPy)2
as an example. Figure 4.5 shows the calculated auto-correlation function versus the
lag, within the range from 0 to 80. Auto-correlation function is defined as minimal
if it is less than |0.1|. For this particular case, over a trajectory of 15 ps, we decide
that choosing lag as 13 is sufficient for correlations to decay, which corresponds to a
correlation time interval of 65 fs. This provides about 250 independent structures that
can be used for the statistical sampling of the explored phase space. Starting from
these selected snapshots, additional electronic calculations are performed, employing
an higher level of theory.
4.2.5 Post-processing: Comparison of Density Functionals
The series of not-correlated snapshots discussed in the previous section is then used
to refine the electronic structure properties, study the structure/electronic distribution
inter-dependencies, and evaluate the redox free energies. In order to illustrate how we
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Figure 4.5: Auto-correlation function calculated for CoaTPy/water with +2 system charge
and quartet multiplicity. Lag interval is chosen between 0 and 80 and auto-correlation
function is calculated for each lag.
asses the methodologies to carry out these further analysis and to give the details of
the used procedures, we use again CoaTPy/water as a model system. The choice of
the density functional level of theory is based on the reproducibility of the homo-lumo
band gap and on representation of the selected molecular orbitals. The experimental
UV spectrum obtained by Rodenberg et al. [21] for CoaTPy in aqueous solution shows
an intense band appearing at 305 nm, 4.06 eV, and originating from pi-pi∗ transitions.
The calculated band gap for this system using PBE-rVV10 formalism is 1.63 eV,
which is significantly lower. Amrosio et al. [94] showed that hybrid density functionals,
PBE0-rVV10 scheme with 0.40 exact exchange fraction, predicts the energy gap of
bulk water accurately, as 8.75 eV. However, the same settings yield significantly larger
band gap for the CoaTPy/water system, 5.74 eV. Therefore, we decided to tune the
exact exchange scaling parameter, obtaining a good agreement with the experiments
using the PBE0-rVV10 formalism with 0.25 exact exchange, 3.75 eV.
We also compare the distributions of homo and lumo of CoaTPy/water obtained
with the three methods PBE-rVV10, PBE0-rVV10 with 0.40 exact exchange, and
PBE0-rVV10 with 0.25 exact exchange. Some visualizations of the resulting orbitals
are reported in Figure 4.6. At the PBE-rVV10 level of theory the homo is mainly
distributed on Co, the pyridine nitrogens, and on the closest water molecule to the
Co. The lumo, instead, is distributed on the bipyridine ring. On the other hand, both
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Figure 4.6: Homo and lumo molecular orbitals of optimized 4(CoaTPy)+2/water obtained
using different density functionals, (a) PBE-rVV10, (b) PBE0-rVV10 with 0.40 exact ex-
change, and (c) PBE0-rVV10 with 0.25 exact exchange. Color code: gray: C, white: H,
purple: Co, blue: N, red: O. While the catalyst is illustrated with ball and stick represen-
tation, solvent molecules are shown with lines. Isosurface (green for positive and orange for
negative) is set to ±0.04 e/A˚3.
homo and lumo are distributed over the bipyridine ring using PBE0-rVV10 with 0.40
exact exchange. Although, calculated band gaps using PBE-rVV10 and PBE0-rVV10
formalism with 0.25 exact exchange are significantly different, we do not observe
significant changes in localization of molecular orbitals obtained from these density
functionals. The orbitals obtained using PBE0-rVV10 with 0.25 exact exchange are
instead very similar to the PBE-rVV10 results, in spite of the significant difference in
the energy gap.
Further assessment of the density functional models in determining the relative
stability of triplet and singlet states. Using time–dependent DFT (TDDFT) calcu-
lations, Rodenberg et al. [21] determined the band gaps of 3(CoaTPy)+1/water and
1(CoaTPy)+1/water as 3.54 eV and 3.09 eV, respectively. Our calculations using
PBE0-rVV10 with 0.25 exact exchange formalism are in good agreement with these
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previous results, yielding band gaps of 3.55 eV and 2.82 eV for triplet and singlet spin
states, respectively.
Homo Lumo
Homo Lumo
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Figure 4.7: Homo and lumo molecular orbitals of optimized (CoaTPy)+1/water for two spin
states, (a) triplet and (b) singlet. Color code: gray: C, white: H, purple: Co, blue: N, red:
O. While the catalyst is illustrated with ball and stick representation, solvent molecules are
shown with lines. Isosurface (green for positive and orange for negative) is set to ±0.04 e/A˚3.
Figure 4.7 shows the homo and lumo representations obtained for (CoaTPy)+1/water
in both spin states. In triplet spin state, similar to what observed for the 4(CoaTPy)+2/water
system the homo is localized on Co, pyridine nitrogens, and the closest water molecule
to the Co. The lumo is on the bipyridine ring. In singlet spin state, homo is more
delocalized on Co, NVpy1, and bipyridine ring and the lumo is distributed over both
bipyridine ring and Co center.
As a summary, we compared the effects of GGA and two PBE0 schemes with differ-
ent exact exchange fractions on a few electronic characters of the 4(CoaTPy)+2/water
system. The general outcome is that the PBE0-rVV10 scheme with 0.25 exact ex-
change better reproduces the experimental observations. We further tested this den-
sity functional on (CoaTPy)+1/water system for both triplet and singlet states. The
corresponding results capture the previously calculated TDDFT results relatively
good. Therefore, we will use PBE0-rVV10 with 0.25 exact exchange for calculat-
ing electronic structure properties of the selected AIMD snapshots and redox free
energies.
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4.2.6 Computation of Redox Potential
In this subsection we summarize the procedure to calculate the redox potential for
an electron injection step of the catalytic cycle. To illustrate the methodology, the
first step in the CoaTPy cycle is taken as an example. The reduction reaction under
consideration is as follows
4(CoaTPy)+2 + e− → 1(CoaTPy)+1
This is a half reaction, where the number of electrons varies between n, for the
reduced state R, and n-1, for the oxidized state O. The AIMD simulation can be
employed to sample both states, i.e, the reduced state R or the oxidized state O. As
explained above, from each trajectory a statistically meaningful selection of snapshots
can be extracted for the post-processing.
In order to determine the redox potential for the electron injection reaction, we
need to compute the free energy difference between the two states. However, the
two individual trajectories do not simply provide these information, since they are
independent sampling of the phase space that cannot be directly compared. Several
methods have been developed to extrapolate estimates of free energy differences among
thermodynamic states from molecular dynamics simulations. For the specific case
of interest here, the preferred choices are the Free energy perturbation scheme or
equivalently the thermodynamic integration [126, 127]. In practice, these consist in
running trajectories at different intermediate states, between the two end states R
and O, and sampling on the resulting ensemble of configurations the potential energy
derivative with respect to the fluctuation in the reaction coordinate, that in this case
is the number of electrons. The underlying idea is that the potential energy of the
system is related to the free energy difference, ∆A, via [126]
∆A = A1 − A0 =
∫ 1
0
∂A(η)
∂η
dη =
∫ 1
0
〈
∂E(η, r)
∂η
〉
η
dη (4.2)
where η is a coupling parameter and E is the potential energy of the system. The
integral of the average derivative of the potential energy function with respect to the
coupling parameter (or reaction coordinate) provides an estimate of the free energy
difference between the two end points. In the present case, we assume that we can
linearize this integral and sample only one of the two states, R or O. Over the gener-
ated trajectory, the derivative of the energy for a change in the number of electrons
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∆n = 1 is the vertical energy gap as shown below.
∂E(η, r)
∂η
= E1(r)− E0(r) = ∆E(r) (4.3)
E1(r) and E0(r) are the total potential energies of two end states R and O, respec-
tively, at the same instantaneous configuration r. The integral then reduces to one
single term, which is the average of ∆E sampled over the trajectory. This approxi-
mation also assume a linear response of the solvent to the electron transfer, and it is
part of the Marcus theory [128]. 〈∆E〉R denotes the ensemble average of the vertical
energy gap obtained by sampling the potential energy surface of the reduced state R,
while 〈∆E〉O corresponds to the average of the vertical gap sampled over the configu-
rations generated with the Hamiltonian for the oxidized state, O. In order to improve
the estimate of the free energy difference, both sampling have to be taken into account
and the following average is computed.
∆redA =
〈∆E〉R + 〈∆E〉O
2
(4.4)
Equation 4.4 implies that under linear response the free energy difference is equal to
the canonical average of the ionization energy and electron affinity. This assumption
enables us to obtain redox free energy from only two equilibrium molecular dynamics
runs. In addition to this, the solvent response can be described by a quantity called
reorganization free energy, λ, which can be estimated as the difference of the mean
energy gaps
λ =
〈∆E〉R − 〈∆E〉O
2
(4.5)
Before using Equations 4.4 and 4.5 one should check if the assumption of the linear
response of the solvent applies for the systems under consideration. A necessary
condition for a linear solvent response is that the probability distributions of the
energy gaps in the two end states have a Gaussian shape characterized by the same
width, i.e. the samplings of the vertical energy gaps in the two end states R and O
have the same variance [129]. This implies that in the linear regime the free energy
curves are parabola with equal curvatures, the variances of the distributions are equal,
σ2R= σ
2
O, and as a consequence the reorganization free energies of R and O states are
also equal, λR=λO=λ, as shown below
λ = λR =
σ2R
2kBT
= λO =
σ2O
2kBT
(4.6)
In summary, we first compare the variances of the distributions for both R and
O states to check if the solvent response is linear. Then, we use Equation 4.4 and
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Equation 4.6 to calculate the reduction free energy and solvent reorganization energy,
respectively.
4.3 Results and Discussion
Before starting AIMD runs of intermediate states towards H2 production, we first
equilibrate initial state of both systems, aqueous 4(CoaPPy)+2 and 4(CoaTPy)+2. As
suggested by the geometry optimizations carried out in vacuum, AIMD production
run confirms that there are two water molecules of 4(CoaTPy)+2, at average distances
of 2.07 and 2.33 A˚. The average distances between the pyridine nitrogens and Co
range between 2.06 and 2.13 A˚, being dNRpy1 the shortest one. The average angle
between NLpy1, C atom connecting two pyridine rings, and NRpy1 is 113
o. This angle
can give some hint on the accessibility of the Co center during the following steps of
the reaction cycle.
In the case of 4(CoaPPy)+2/water, the interaction with the solvent effects induces
substantial changes in the structure of the catalyst with respect to the optimized
geometry in vacuum. One water molecule is very loosely coordinating to the Co center
at an average dOwater1 around 4.87 A˚. On the other hand, a second water molecule
approaches the Co center even though the interaction is apparently quite weak, since
it shows a rather diffusive behavior, while the distance from Co fluctuates between
≈2.3 and ≈5 A˚ within a few picoseconds. The distances separating the pyridine N
and Co are slightly shorter than what observed for 4(CoaTPy)+2, ranging between
2.04 and 2.08 A˚. Additionally, the angle between the pyridine rings is also slightly
narrower, being 109o. This implies that the two bipyridine units are more bended in
4(CoaPPy)+2 with respect to 4(CoaTPy)+2, which might hinder the accessibility of
the Co center by water molecules.
In the next section we discuss the solvent response as well as the structural changes
of the catalysts at each intermediate step of the reaction cycle, i.e. the subsequent
electron injection and protonation steps.
4.3.1 Solvent Response
The first electron injection to both 4(CoaTPy)+2 and 4(CoaPPy)+2 systems may
lead to two different spin states, triplet and singlet. Moreover, the electron injection
should favor the interaction between the Co center and the protons from the solution,
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therefore we expect changes in the structure of the solvation shell around the Co
center.
Considering triplet spin state of CoaTPy, 3(CoaTPy)+1, Owater1 preserves its po-
sition fluctuating around 2.23 A˚ as shown in Figure 4.8(a). The distance between
the nearest solvent H and the Co center, dHwater2 , is relatively long fluctuating around
3.42 A˚. The behavior is similar in 3(CoaPPy)+1, see Figure 4.8(d), where the average
dOwater1 and dHwater2 are at 5.22 and 4.10 A˚ respectively. On the other hand, in the
singlet spin state, first solvation shell undergoes a significant rearrangement. In the
case of 1(CoaTPy)+1, although the closest water molecule remains substantially at
the same distance, we observe an abrupt change in coordination of the second closest
water molecule after 5 ps of simulation time, see Figure 4.8(b). The water molecule
rotates and Hwater2 coordinates with the Co center, as illustrated in Figure 4.8(c),
yielding a shorter dHwater2 of 2.5 A˚. In the case of
1(CoaPPy)+1, we also observe a
similar solvent rearrangement, where the second water approaches the Co center and
the distance dHwater2 changes from 4.5 A˚ to 2.63 A˚. These rearrangements character-
izing the singlet spin state suggest that the hydrogen bonding network around the
solute has been modified and connects the molecular center to the bulk solvent. This
might explain the experimental observation that H2 production reaction is actually
occurring in the singlet spin state [21]. Hence the next step that we study is the
protonation of the singlet spin state.
The insertion of a proton close to the Co center creates a cobalt-hydride and the
total charge changes from +1 to +2. For 1(CoaTPy-H)+2, the distance between
Co and proton, dCo-H+ , oscillates around 1.48 A˚. While the water molecule that was
previously coordinated to Co via the hydrogen is now displaced and interacts directing
with the proton, at a distance dHwater2-H+ oscillating around 1.75 A, see Figure 4.9(a)
and (b). In the case of 1(CoaPPy-H)+2, the dCo-H+ is also around 1.46 A˚, but the
second closest water molecule seems not to stably interact with the proton, being the
average dHwater2-H+ distance larger than 3.2 A˚, see Figure 4.9(c) and (d). These results
suggest that the Co center is more accessible in CoaTPy with respect to CoaPPy,
which might explain the enhanced performance observed for CoaTPy towards H2
production.
Following the second electron injection to the Co-hydride, both systems are ex-
pected to become more prone to grab a proton from the solvent and generate H2.
The spin state becomes doublet and total charge of the systems changes from +2 to
+1. For 2(CoaTPy-H)+1, the interactions between Hwater2 and H
+ become stronger
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Figure 4.8: Fluctuating dOwater1 (red) and dHwater2 (blue) distances along AIMD trajectory
for (a) 3(CoaTPy)+1, (b) 1(CoaTPy)+1, (d) 3(CoaPPy)+1, and (e) 1(CoaPPy)+1. (c) and (f)
illustrate selected AIMD snapshots for 1(CoaTPy)+1 and 1(CoaPPy)+1, respectively. Color
code: gray: C, white: H, purple: Co, blue: N, red: O. While the catalysts are illustrated
with ball and stick representation, solvent molecules are shown with lines.
with respect to 1(CoaTPy-H)+2. While dHwater2-H+ becomes shorter, 1.48 A˚, dCo-H+
becomes slightly larger, 1.50 A˚, see Figure 4.10(a) and (b). The behavior is similar
for 2(CoaPPy-H)+1, see Figure 4.10(c) and (d), where shorter dHwater2-H+ and slightly
larger dCo-H+ are obtained as 2.42 and 1.47 A˚, respectively. The dHwater2-H+ is signifi-
cantly shorter in CoaTPy with respect to CoaPPy, which once more hints to a more
favorable environment for the reduction reaction.
As soon as we add second proton to the Co-hydride, the H2 production cycle is
closed. Both systems spontaneously return back to their initial state having quartet
spin state and +2 total charge. Figure 4.11(a) and (b) illustrate AIMD snapshots
taken from the equilibration of the solvated 4(CoaTPy)+2-H2 and
4(CoaPPy)+2-H2
systems, respectively. The additional proton is supposed to be transferred from the
surrounding water environment through proton hopping. When this happens, H2 is
formed it moves away from the Co center. This happens a little bit faster for CoaTPy,
in 770 fs vs. 3.5 ps of simulation time for CoaPPy. This result presumably thanks
to the presence of the H-coordinating water molecule at CoaTPy. The formation
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Figure 4.9: Fluctuating dHwater2-H+ distances along AIMD trajectory for (a)
1(CoaTPy-H)+2
and (c) 1(CoaPPy-H)+2. (b) and (d) illustrate selected AIMD snapshots for 1(CoaTPy-H)+2
and 1(CoaPPy-H)+2, respectively. For the color code, see previous figures.
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Figure 4.10: Oscillating dHwater2-H+ distances along AIMD trajectory for (a)
2(CoaTPy-H)+1
and (c) 2(CoaPPy-H)+1. (b) and (d) illustrate selected AIMD snapshots for 2(CoaTPy-H)+1
and 2(CoaPPy-H)+1, respectively. For the color code, see previous figures.
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of H2 and the consequent change in the oxidation state of Co, also determine the
rearrangement of the water environment towards the initial conditions.
(a) (b)
Figure 4.11: Selected AIMD snapshots of H2 formation in (a) 4(CoaTPy)+2-H2 after 14 ps
and (b) 4(CoaPPy)+2-H2 after 5 ps of simulation time. For the color code, see previous
figures.
In this subsection, we discussed the characteristics of the solvation shell rearrange-
ments observed at each intermediate step of the reduction cycle. The next section
focuses on the observed catalysts conformational changes, to shed some light on the
effects of the ligand type on H2 production performance.
4.3.2 Structural Changes in Catalysts
We observe some changes in catalysts’ structures associated with the subsequent
electron injection, , the protonation, and the solvent response. The resulting average
distances and angle between the pyridine rings obtained through AIMD trajectories
are characterized by dNLpy1 , dNLpy2 , dNVpy1 , dNRpy1 , dNRpy2 , and ACCC as reported in Ta-
ble 4.2. The average values are calculated over the production runs of ≈15 ps. Similar
to the observations in the vacuum phase, in initial state pyridine Ns-Co distances in
CoaPPy are slightly shorter than in CoaTPy. The ligand environment in CoaPPy is
more bended, i.e. ACCC measured in CoaPPy is slightly narrower than in CoaTPy.
After the first electron injection, all pyridine Ns move towards to the Co center, form-
ing a more compact molecular pocket. This is observed for both triplet and singlet
states. Even though the effect is more pronounced in the singlet state. While we ob-
serve ≈0.17 A˚ change in dNVpy1 for 1(CoaTPy)+1, interestingly no significant change
of this parameter is recorded in the case of 1(CoaPPy)+1. The motion of the pyridine
Ns towards the catalytic center enhances the deformation in 1(CoaTPy)+1, whereas
the opposite effect is observed in 1(CoaPPy)+1, where the angle between the pyridine
units increases with respect to the initial state of the catalyst.
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Table 4.2: Structural parameters characterizing the initial states as well as five distinct
intermediate states of both CoaTPy and CoaPPy immersed in water. All distances are
given in A˚, whereas the angle between pyridine units, ACCC, is given in degree.
Reaction Steps Formula dNLpy1 dNLpy2 dNVpy1 dNRpy1 dNRpy2 ACCC
CoaTPy
Initial state 4(CoaTPy)+2 2.13 – 2.13 2.06 2.13 113.10
1st reduction 3(CoaTPy)+1 2.02 – 2.02 1.92 2.03 112.66
1st reduction 1(CoaTPy)+1 2.07 – 1.96 1.85 1.87 109.11
1st protonation 1(CoaTPy-H)+2 1.95 – 2.03 1.87 1.93 109.83
2nd reduction 2(CoaTPy-H)+1 1.96 – 1.99 1.95 2.03 110.06
2nd protonation 4(CoaTPy)+2-H2 2.06 – 2.07 2.09 2.08 109.32
CoaPPy
Initial state 4(CoaPPy)+2 2.04 2.08 2.05 2.07 2.08 109.40
1st reduction 3(CoaPPy)+1 1.97 2.04 2.03 1.96 2.06 108.67
1st reduction 1(CoaPPy)+1 1.88 1.91 2.05 1.88 1.91 111.04
1st protonation 1(CoaPPy-H)+2 1.88 1.95 2.05 1.89 1.96 109.80
2nd reduction 2(CoaPPy-H)+1 1.88 1.95 2.10 1.88 1.97 109.56
2nd protonation 4(CoaPPy)+2-H2 2.05 2.08 2.04 2.06 2.11 108.53
The first protonation leads to the relaxation of the pyridine nitrogens, resulting in
the general elongation of the N-Co distances, We observe a minor increase in ACCC for
CoaTPy, contrarily it decreases in the case of CoaPPy. The second electron injection
does not result in any significant structural changes regarding the distances between
Co and the pyridine Ns as well as ACCC. The H2 production cycle is closed with the
second protonation and the catalyst is restored in its initial state.
4.3.3 Electronic Structure Analysis
The structural rearrangements are expected to be associated to some response also
in the electronic structure. Therefore it is interesting to monitor the evolution of some
selected electronic structure parameter at the different states along the reaction cycle.
Here we consider only the initial state and one of the intermediate states of the cycle,
i.e., the system after the first reduction process in the singlet spin state. Figure 4.12(a)
shows the fluctuations of the 4(CoaTPy)+2 band gap around the average value of 3.9
eV. The integrated spin density has an average value of 2.75 and it is mainly localized
on the Co center with some contributions also on pyridine Ns, see Figure 4.12(b) and
(c). The fluctuations of the gap are combined with a redistribution of the molecular
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orbitals. In particular we notice that the homo is affected even by slight structural
conformational changes. To illustrate this behavior we analyze the homo and lumo
distributions of three snapshots, corresponding to a minimum, an average, and a
maximum value of the energy gap. These are taken at 4.86 ps, 7.86 ps, and 8 ps,
respectively. At 4.86 ps the homo is distributed over Co and Ns except for NVpy1. At
7.86 ps the homo is mainly on the pyrine ring at axial direction with contributions also
localized on the Co, NRpy1, and NRpy2 atoms. Moreover a small contribution is detected
also on the Owater2 for the snapshot obtained at 8 ps where the band gap is larger than
its average value. Except for the slight differences observed in homo representations,
the lumo, instead, seems not to be substantially affected by the fluctuations in this
equilibrium state, and its distribution remains constantly principally localized.
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Figure 4.12: Electronic structure analysis carried out for 4(CoaTPy)+2. Fluctuations in
calculated band gap and spin moment on Co are depicted in (a) and (b), respectively. (c)
Spin density of 4(CoaTPy)+2. Isosurface is taken at 0.002 e/A˚3.
After the first electron injection, the band gap of the CoaTPy catalyst decreases
in average by ≈0.5 eV. The average integrated spin density, which is still localized
on the Co center, is around 0.92, see Figure 4.14. Here, we assume that electron
injection process, from PS to the catalyst, is very fast and atomic rearrangement
and solvent response are relatively slow, hence at the instant of electron injection the
atoms in 4(CoaTPy)+2 preserve their coordinates. In order to illustrate the relation
between the structural and the electronic fluctuations, we selected three snapshots,
at 0.6 ps, 8 ps, and 13.8 ps, corresponding to a maximum (4.2 ev), average (3.4 eV),
and minimum (2.7 eV) value of the energy gap. The selected molecular orbitals of
1(CoaTPy)+1 are illustrated in Figure 4.15. Homo distributions are very similar for
three snapshots, where it is mainly located on Co, the pyridine Ns, and the second
closest water molecule to the Co. On the other hand, the lumo state, shown only for
the snapshot at 0.6 ps, is distributed over solvent molecules which implies that the
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(a) (b) (c)
Figure 4.13: Homo and lumo representations for 4(CoaTPy)+2 obtained at (a) 4.86 ps, (b)
7.86 ps, and (c) 8 ps. While all the top figures show homo, bottom ones illustrate lumo
representations. Isosurface (green for positive and orange for negative) is set to ±0.04 e/A˚3.
next reaction step should be protonation, as the experimentalists suggest rather than
subsequent second electron injection.
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Figure 4.14: Electronic structure analysis carried out for 1(CoaTPy)+1 at the same coor-
dinates as 4(CoaTPy)+2. Fluctuations in calculated band gap and spin moment on Co are
depicted in (a) and (b), respectively.
The band gap of 4(CoaPPy)+2, in its equilibrium state, fluctuates around 3.7 eV
being ≈0.2 eV lower than what calculated for 4(CoaTPy)+2, see Figure 4.16(a). As
Figure 4.16(b) shows the spin density localizes mainly on the Co with an average
value of 2.73. At 4.8 ps we observe a slight decrease in the spin state of Co, however
as Figure 4.16(c) shows it still mainly localizes on the Co center.
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(a) (b) (c) (d)
Figure 4.15: Homo representations for 1(CoaTPy)+1 obtained at (a) 0.6 ps, (b) 8 ps, and
(c) 13.8 ps. (d) Lumo obtained at 0.6 ps. Isosurface (green for positive and orange for
negative) is set to ±0.04 e/A˚3.
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Figure 4.16: Electronic structure analysis carried out for 4(CoaPPy)+2. Fluctuations in
calculated band gap and spin moment on Co are depicted in (a) and (b), respectively. (c)
Spin density of 4(CoaPPy)+2 at 4.8 ps. Isosurface is taken at 0.002 e/A˚3.
Selected molecular orbitals of 4(CoaPPy)+2 are illustrated in Figure 4.17. We ob-
serve very similar distribution of homo states, obtained at 8.6 and 14.7 ps, with respect
to the 4(CoaTPy)+2 system. The lumo is generally localized on only one bipyridine
ring at 8.6 ps, while it is distributed over both bipyridines at 14.7 ps. Lumo distribu-
tion on both bipyridine units results in a smaller energy gap, 3.14 eV, instead of 3.66
eV energy gap observed at 8.6 ps, see Figure 4.16(a).
To explore the sudden changes in the electronic structure after the first electron
injection, we employ the same procedure as before, and simply recalculate the elec-
tronic structure with one additional electron, for the same structure sampled at the
equilibrium state. The average energy gap decrease by 2.1 eV, see Figure 4.18. This
amount of decrease is more pronounced than 4(CoaTPy)+2 case where we only observe
0.2 eV of reduction in the band gap. Besides, at 12.9 ps we observe an abrupt drop
in the calculated homo-lumo gap which becomes to 0.46 eV. In order to shed light on
this sudden change, we analyze and compare the homo and lumo distributions at 12.9
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Figure 4.17: Homo and lumo representations for 4(CoaPPy)+2 obtained at (a) 8.6 ps and (b)
14.7 ps. While all the top figures show homo, bottom ones illustrate lumo representations.
Isosurface (green for positive and orange for negative) is set to ±0.04 e/A˚3.
ps and at 14.9 ps, see Figure 4.18(b) and (c). While the homo is located on Co and
pyridine Ns at 12.9 ps, it mainly localizes on the Co center at 14.9 ps. The lumo, on
the other hand, delocalizes over all bipyridine units as well as Co center at 12.9 ps.
The behavior obtained at 14.9 ps is, instead, similar to the previous cases, where the
localization of lumo over only one bipyridine ring is observed.
4.3.4 Reduction Free Energies
The reduction free energy of CoaTPy after the first electron injection is computed
by the accumulative time averages of the vertical energy gaps, ∆E, in the reduced,
1(CoaTPy)+1, and the oxidized states, 4(CoaTPy)+2, as described above. Running
averages of the ∆E, plotted in Figure 4.19(a), converge at the values of -0.75 and
-3.14 eV, for the reduced and oxidized limit, respectively. Using Equation 4.4, the
reduction free energy of CoaTPy, ∆redA, is is estimated to be -1.95 eV. We also
check if our assumption, i.e. linear solvent response, holds for this particular case.
The distributions of the vertical energy gaps of the reduction reaction are plotted
in Figure 4.19(b), together with a Gaussian fit. The standard deviations of the two
Gaussian distributions are obtained as 0.27 and 0.24 eV for the reduced and oxidized
limit, respectively. Besides, the reorganization free energies for the reduced, λR, and
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Figure 4.18: Electronic structure analysis carried out for 1(CoaPPy)+1. (a) Fluctuations in
calculated band gap. Homo and lumo representations for 1(CoaPPy)+1 obtained at (b) 12.9
and (c) 14.9 ps. Isosurface (green for positive and orange for negative) is set to ±0.04 e/A˚3.
oxidized states, λO, are calculated as 1.30 and 1.02 eV, respectively. A minor variation
in the standard deviations of the two Gaussian distributions, 0.03 eV, yields only
slightly different reorganization free energies. We, therefore, can confidently confirm
that linear regime holds for this reaction and the calculated reduction free energy is
reliable.
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Figure 4.19: (a) Accumulative time averages of the vertical energy gaps of the reduction
reaction, 4(CoaTPy)+2 + e− → 1(CoaTPy)+1. While reduced limit is shown with blue,
oxidized limit is depicted with red solid line. (b) Distributions of the vertical energy gaps
of the reduction reaction with Gaussian distributions fitted to the data (black solid line).
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4.4 Conclusion
We have studied H2 production mechanism of differently ligated Co-based poly-
pyridyl catalysts, CoaTPy and CoaPPy, in explicit water environment. The effects
of the number of pyridyl units, strongly distorted structures, and coordination en-
vironment around Co center on the reaction mechanism have been investigated by
monitoring solvent response and structural changes occurring at each step of the cat-
alytic cycle. To this purpose we employ AIMD simulations by extending the produc-
tion trajectories over tens of picoseconds in order to properly sample the structural
rearrangements. The free energy changes associated with the reduction steps are
evaluated within the framework of Marcus theory, using a well established procedure
based on the perturbation free energy formalism.
Our results indicate that the Co center is more accessible by protons present in the
solvent molecules in CoaTPy with respect to the CoaPPy. This behavior is attributed
to the reduced steric hindrance effects created by the four pyridine rings in comparison
to the five in the CoaPPy structure. The examples can be readily seen after the first
electron injection, where water proton more rapidly and stably coordinates to the
Co center in CoaTPy comparing to the CoaPPy. Moreover, we observe that after
the second step in the catalytic cycle, the CoaTPy/water system attracts protons
present in the solvent stronger than CoaPPy/water. At the final catalytic step, the
formed H2 moves rapidly away from the Co center. Also this rearrangement appears
to be faster for the CoaTPy because of the more flexible ligand environment. All these
results suggest that the more open catalytic pocket of CoaTPy favours the interaction
with the solvent and the attraction of protons as well as the formation and release
of H2 molecule. We then suggest that this might explain the higher photo-catalytic
performance observed in CoaTPy with respect to the CoaPPy.
Reduction free energy representing the first step in the catalytic cycle is computed
only for CoaTPy assuming linear solvent response. The reduction free energy is deter-
mined as -1.95 eV for CoaTPy. We observe slight differences in solvent reorganization
energies calculated at reduced (1.30 eV) and oxidized limits (1.02 eV), therefore the
present assumption, linear solvent response, is satisfied.
Concerning the reliability of our results, the explicit solvent model employed in our
AIMD simulations already provides accurate information on the dynamic properties of
the systems under consideration with respect to the widely applied static models such
as solvent continuum model. In order to increase the accuracy in the reduction free
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energy calculations, hybrid density functional scheme within DFT is applied rather
than widely used GGA formalism. Besides, we have followed the protocols suggested
in previous works [120] which reduces the error in the computational estimate to less
than 0.2 eV.
We plan to extend this study by calculating reduction free energy also for CoaPPy
for comparison. Besides, we intend to carry out reduction free energy calculations
for the third step in the catalytic cycle, the second electron injection, which will pro-
vide additional information on the effects of ligand environment on H2 production
performance. An irreversible ligand switch in CoaTPy following the first electron
injection have been observed by our experimental collaborators, which might sub-
stantially change the proposed H2 production mechanism. Therefore, each catalytic
cycle should be reconsidered and simulated for the catalyst that undergoes a ligand
switch. Last but not least, we plan to model proton diffusion to the Co center using
metadynamics which will help us understanding the effects of coordination sphere
around Co on H2 production performance.
5 Insight into H2 Production Systems Using
Oxides: Pyrphyrin and Co-Pyrphyrin
Adsorbed on TiO2(110) [68, 87, 130]
In this chapter, the structural and electronic properties of the complexes, Pyr and
CoPyr monomers as well as their monolayer structures adsorbed on rutile(110) surface
by means of DFT are discussed. It is generally accepted that anatase phase of TiO2
exhibits higher photocatalytic activity than rutile TiO2 [131], which resulted theo-
retical investigation of water–TiO2 interactions mostly with the anatase phase [132].
However, in this study only the rutile phase is considered, which is easier to obtain as
high quality single crystal [133] and, for this reason, it is employed in the experimental
studies of the catalytic activity of supported-CoPyr/Pyr. We first briefly describe the
applied methodology and the used models for the molecules, the surface and the com-
plexes. Next, we discuss the possible adsorption configurations of CoPyr/rutile(110)
and Pyr/rutile(110), and we analyze in detail the electronic structure of the most
stable configurations. Monolayer structures are then created according to the experi-
mental observations and energy level alignment of the complexes are compared with
the experiments.
5.1 Computational Methodology
Electronic structure calculations are performed at the Kohn-Sham DFT level, em-
ploying the Gaussian and plane wave (GPW) formalism as implemented in the CP2K
QUICKSTEP package [111]. Double-zeta valence plus polarization (DZVP) basis
sets, optimized on molecular geometries (Mol-Opt method) [113], are employed for all
atomic kinds. A cutoff of 600 Ry is used for the auxiliary plane wave basis set. The
interaction between the valence electrons and the atomic cores is described through
norm-conserving Goedecker–Teter–Hutter (GTH) pseudo potentials [112]. The va-
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lence shells contain 12, 6, 17, 4, 1, and 5 electrons for Ti, O, Co, C, H, and N,
respectively. Periodic boundary conditions are always applied.
As exchange–correlation functional, the general gradient approximation (GGA) by
Perdew–Burke–Enzerhof (PBE) [80] is used. The dispersion interactions are corrected
according to the Grimme–D3 scheme [96] for the optimization of the geometries. This
level of theory has been proved to be sufficiently accurate to describe the structural
properties of the materials involved in this study. Namely, the lattice parameters of
bulk rutile turn out to be in agreement with the experimental values within an error of
1% [93]. However, PBE is known to underestimate the energy gap of TiO2 as for other
oxides [134, 135]. The most commonly adopted solution to this deficiency is the use
of suitable hybrid functionals that can reproduce the experimental value [136, 137].
For the specific case of TiO2, we find, in agreement with previous works, that the
best accuracy in the energy gap is achieved by applying the Heyd–Scuseria–Ernzerhof
(HSE06) hybrid functional [90,91,93]. All hybrid functional calculations are performed
with the help of the auxiliary density matrix method (ADMM) [117–119], which pro-
vides a significant speed up and makes it possible to compute the electronic structure
of several hundreds of atoms of condensed matter systems. The required ADMM basis
sets have been optimized to reproduce the results of full hybrid functional calcula-
tions with very high accuracy. Despite the speed up obtained with ADMM, hybrid
functional geometry optimization are still computationally very demanding and do
not produce important changes with respect to the PBE optimization. Therefore,
our strategy consists in carrying out the refinement of the electronic structure of
PBE-optimized geometry using the HSE06 hybrid functional.
5.2 Structural Models
5.2.1 Rutile: Bulk and (110) Surface
The rutile lattice belongs to the P42/mnm (No. 136) tetragonal space group [138,
139]. In the bulk, each Ti atom is coordinated by six O atoms, while the O atoms are
three-fold coordinated by Ti. In order to assess our PBE computational set up, the
lattice parameters are optimized for a 3×3×3 supercell (162 atoms). This supercell
is sufficiently large to converge the bulk structural properties, which turn out to be
in very good agreement with previously published data, from both experimental and
DFT studies (see Table 5.1). The corresponding band gap energies, Egap, computed
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for the PBE and the HSE06 functionals are reported in Table 5.2 and also compared
to previous studies. All GGA and LDA result underestimate the Egap by more than
1.2 eV, while PBE0 overestimates it by about the same amount. Only the value
obtained with HSE06 approximates the experiment with reasonable accuracy. The
slight discrepancies between results obtained with the same functional can be ascribed
to different basis sets and pseudopotentials.
Table 5.1: Lattice parameters (a and c) and bulk modulus (B) of bulk TiO2. The values
reported for this work are obtained for the 3×3×3 supercell and the PBE functional.
Method a [A˚] c [A˚] B [GPa] ref.
GGA/PBE/GPW 4.606 2.966 219 this work
GGA/PW92/PAW 4.649 2.972 225 [140]
GGA/PBEsol/PW 4.604 2.947 - [41]
LDA/PAW 4.554 2.927 256 [141]
Experiment 4.587 2.954 210 [86]
Experiment 4.594 2.959 - [138]
Table 5.2: Band gap energy (Egap) of bulk TiO2. The values reported for this work are
obtained for the 3×3×3 supercell.
Method Egap [eV] ref.
GGA/PBE 1.73 this work
GGA/PBE 1.74 [85]
GGA/PW92 1.80 [141]
LDA 1.81 [141]
HSE06 3.35 this work
HSE06 3.11 [93]
PBE0 4.21 [93]
Experiment 3.0 [86]
Figure 5.1 shows projected density of states (PDOS) for O and Ti atoms in bulk
rutile. The highest occupied states have O-2p character, whereas the lowest unoccu-
pied states are Ti-3d, in agreement with previously published calculations [142, 143].
The hybridization between O-2p and Ti-3d states results in covalent bonding [144].
60 5 (Co)Pyrphyrin Adsorbed on TiO2
-6 -4 -2 0 2 4 6 8
Energy- EVBM [eV]
PD
O
S 
[a
rb
. u
ni
ts
]
Figure 5.1: Density of states of bulk rutile: total DOS plotted with brown line, O PDOS
in orange, Ti PDOS in magenta. The distributions are normalized by the number of atoms
and the aligned at zero with the valence band maximum (VBM) energy.
The (110) surface is the most stable surface of rutile, and also the most frequently
studied and used one for applications [145]. To model such a surface, a symmetric
slab consisting of a few atomic layers is cut out from the bulk cleaving along the
(110) plane. Above the surface, a sufficiently large amount of vacuum space (20 A˚) is
added to avoid interactions with the periodic images in the perpendicular direction.
The surface unit cell contains two Ti atoms, which lay on the same plane, and four
O atoms, two on the same plane as Ti, one above (sticking out O) and one below.
One surface Ti atom is still six-fold coordinated, as in the bulk, while the second
is five-fold coordinated. Among the O atoms, three are still three-fold coordinated,
while the sticking out one is two-fold coordinated. This latter dangling O atom is a
particularly active species, which can lead to the formation of vacancies at the surface,
or be saturated. Figure 5.2 displays the top and side view of a 3×7 slab, containing
five atomic layers. We label the surface three-fold and two-fold coordinated O atoms
with O3c and O2c, while the bulk oxygens are labeled O3c−bulk. We also distinguish
between the bulk Ti atoms, labeled Ti6c−bulk, and the under-coordinated Ti atoms
at the surface, Ti5c. In order to determine the optimal number of layers for the
slab model, we tested the convergence of the surface energy. The surface energy is
calculated as
Esurface =
Eslab −N · Ebulk
2 · A (5.1)
where Eslab is the total energy of the optimized slab model, Ebulk is the energy per
TiO2 unit in the bulk, N is the number of units contained in the slab, and A is the
area of the exposed surface.
For calculations of the surface energy slabs from 3 to 9 layers have been considered.
In Figure 5.3, the computed surface energies obtained with slab models of increasing
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Figure 5.2: Ball and stick representation of the rutile (110) 3×7×5 slab, where 5 is the
number of layers: a) side view and b) top view. For clarity, only topmost atomic layer is
shown in (b). Surface atoms are labeled as O2c, O3c, and Ti5c, bulk atoms as O3c−bulk and
Ti6c−bulk. The dashed red box indicates the surface unit cell. Color code: light gray: Ti,
light green: O.
number of O-Ti-O layers are plotted. We compare the values obtained by keeping
all the coordinates fixed in the bulk positions (black symbols in the figure) to those
obtained by relaxing the outermost layers of the slab (green for 1 layer and red for
two layers), and keeping fixed at bulk coordinates the innermost ones. For the rigid
slab model, the surface energy is largely independent from thickness and amounts to
1.75 J/m2. By relaxing the outermost or the two outermost layers on both sides of
the slab, the surface energies are significantly reduced to around 1.21 and 0.69 J/m2,
respectively. We also computed the electronic properties for slabs of different size,
with particular attention at the electronic states distribution at the surface, where it
is most important for the interactions with the adsorbates. We compare 3×3 slabs of
5, 6, 7, and 8 layers, always fully relaxing the two outermost O–Ti–O layers on both
sides and keeping fixed the innermost ones.
The HSE06 band gaps obtained from the optimized geometries are 3.18 eV for 5
layers, 3.29 eV for 6 layers, 3.13 eV for 7 layers, and 3.07 eV for 8 layers. The PDOS
obtained from the first two relaxed layers for each of the tested models are reported
in Figure 5.4. The band gap calculated by HSE06 for the rutile slab of five layers,
3.18 eV, in agreement with the experiment [146]. The reduction of the energy gap
at the surface is due to the presence of energy states in the gap, which are generated
by electrostatic shifting of Ti5c states towards O2c and O3c−bulk band, also discussed
in Ref. [147]. We observe that with the 5-layers model, and by keeping the atoms of
the middle layer of the slab fixed in the bulk positions, the two exposed surfaces are
decoupled and their electronic structure does not depend significantly on the thickness.
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Figure 5.3: Surface energy of rutile (110) plotted vs the number of O-Ti-O layers of the
slab model.Values obtained for rigid slab are in black (bulk coordinates), values obtained
relaxing the outermost layer on both sides are in green, and relaxing two O-Ti-O layers on
both sides are in red.
Therefore, among the different sizes of slabs five layers is a good compromise between
accuracy and efficiency.
For the simulation of the adsorption, we used a 5-layers slab where only the two
O–Ti–O layers on the adsorption site have been relaxed, while the rest of the slab
has been kept fixed in the bulk position. This set up does not affect the electronic
structure at the surface and the adsorption, as demonstrated from the discussion
above. Hence, we conclude that a 5 layer slab is sufficient to model the rutile (110)
surface. The surface energy of the 3×3×5 slab is 0.72 J/m2, in quite good agreement
with the values found in the literature [145].
5.2.2 Pyrphyrin and Co-Pyrphyrin
Ball and stick sketches of Pyr and CoPyr are shown in Figure 5.5. Pyr is character-
ized by CN groups binding to the pyridine rings via sp2 hybridized bridging carbons.
We label the nitrogen atoms of the cyano groups NCN to distinguish them from the
pyridine nitrogens at the center of the molecule (Np). Two Np are protonated in Pyr
at anti positions, while the protons are replaced by the Co(II) cation in CoPyr. Struc-
ture optimization of the second isomer of metal-free pyrphyrin where the protons are
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Figure 5.4: PDOS on top two O-Ti-O layers of rutile slabs. a) PDOS of symmetrically
relaxed slabs. Black solid line represents PDOS of 5 layer, red 6 layer, magenta 7 layer,
and blue 8 layer. Alignment is done with respect to valence band maximum of each slab.
b) PDOS of 5 layer slab where only the top two O-Ti-O layers have been relaxed, the one
that is used in our calculations. PDOS is aligned with respect to first occupied peak of
symmetrically relaxed 8 layer slab.
attached to the adjacent pyridine nitrogens of the same side the molecule is by 0.23 eV
less stable. Therefore, in this work protons in Pyr will be considered at anti positions.
In the gas phase, both molecules are planar with a vanishing dipole, as discussed in
Ref. [58]. In the center of the molecule, the four Np are symmetrically coordinating Co
NP
dCN
NCN
dta b
Figure 5.5: Ball and stick representations of a) Pyr and b) CoPyr. The molecular size
is described by means of the two diameters, dCN and dt. Nitrogens in cyano groups and
pyridine rings are labeled as NCN and Np, respectively. Color code: brown: C, light pink:
H, dark blue: Co, blue: N.
in CoPyr, while the protonated nitrogens in Pyr are displaced outwards. Along the
axis of the cyano groups, dCN, the molecule is slightly shorter for CoPyr with respect
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to Pyr, due to the interaction between Co(II) and the electronegative nitrogens. Some
structural parameters are reported in Table 5.3.
Table 5.3: Selected distances calculated for the optimized geometries of Pyr and CoPyr in
the gas phase.
Molecule Distances Length [A˚]
Pyr
dCN 11.96
Np–Np (prot.) 3.98
Np–Np (not prot.) 3.80
dt 9.45
CoPyr
dCN 11.78
Np–Np 3.77
dt 9.57
A theoretical work by Han et al. [148] who calculated the ground state electronic
structures and some excitation properties of Zn centered porphyrins, namely YD2
and YD2-o-C8, with different density functionals, shows that HSE06 provides the best
description of these properties. Therefore, HSE06 density functional is also considered
in this work for the electronic structure calculations of Pyr and CoPyr in gas phase.
Calculations with CoPyr are always performed with spin polarization. The lowest
energy spin state turns out to be a doublet and the spin density is localized exclusively
at the Co center. As it can be seen from Figure 5.6, the homo of CoPyr in the gas
phase has major contributions from the cyano groups, the pyridine carbons, and the
Np, but it is also present at Co(II) centers. The lumo, instead, is uniformly distributed
over the pyridine CH groups, the central C atoms, and the Np, but it does not have
significant contributions from the cyano groups and the Co(II). Figure 5.7, instead,
shows the homo and the lowest unoccupied molecular orbital lumo of the Pyr in the
gas phase. The molecular orbitals are distributed over all pyridine rings.
5.2.3 Adsorption of Molecules on Rutile(110)
In order to find possible adsorption sites of the molecules on rutile, it is necessary to
explore the potential energy surface of the CoPyr@rutile and Pyr@rutile complexes.
We started eleven independent optimizations, changing the initial coordinates of the
gas-phase optimized CoPyr on rutile. The molecule has always been positioned par-
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FIG. 7: Selected Kohn-Sham molecular orbitals of CoPy a) and b) homo and lumo of CoPy in gas
phase, c) and d) homo of CoPy on rutile(110) front and side view. The displayed isosurface is
obtained at the value of 0.236 e/A˚3.
Ti5c and O2c present at the slab surface. While no significant di↵erence is observed among
the occupied states, a clear e↵ect of the interaction is present for the lowest unoccupied
states localized at Ti5c. In particular, some states in the aligned energy range from 2 to 3
eV are shifted to lower energy by about 1 eV, augmenting the intensity of the first peak.
This result is consistent with the fact that the lowest unoccupied band of the complex is
localized on the surface Ti atoms and the corresponding orbitals are the ones a↵ected by the
presence of the molecule. On the other hand, the occupied states localized on the surface
O atoms are more than 2 eV lower in energy than the CoPy homo and are not significantly
perturbed by the adsorbate.
V. CONCLUSIONS
In summary, we have investigated a Porphyrin derived heterocyclic molecule, CoPy, and
its absorption on rutile(110) surface. Among several adsorption geometries, we in particular
focused on the most stable configuration for a more detailed investigation. In this model,
the interaction between CoPy and rutile(110) results in substantial bending of CN links of
the molecule towards five-coordinated surface Ti atoms and position change of the latter.
According to the electronic structure analysis, electron density di↵erence of CoPy@rutile
shows electron deficiency on under-coordinated Ti5c atoms and accumulation at NCN. Spin
density is mainly localized on Co(II) center of CoPy. Energy alignment with respect to
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FIG. 7: Selected Kohn-Sham molecular orbitals of CoPy a) and b) homo and lumo of CoPy in gas
phase, c) and d) homo of CoPy on rutile(110) front and side view. The displayed isosurface is
obtained at the value of 0.236 e/A˚3.
Ti5c and O2c present at the slab surface. While no significant di↵erence is observed among
the occupied states, a clear e↵ect of the interaction is present for the lowest unoccupied
states localized at Ti5c. In particular, some states in the aligned energy range from 2 to 3
eV are shifted to lower energy by about 1 eV, augmenting the intensity of the first peak.
This result is consistent with the fact that the lowest unoccupied band of the complex is
localized on the surface Ti atoms and the corresponding orbitals are the ones a↵ected by the
presence of the molecule. On the other hand, the occupied states localized on the surface
O atoms are more than 2 eV lower in energy than the CoPy homo and are not significantly
perturbed by the adsorbate.
V. CONCLUSIONS
In summary, we have investigated a Porphyrin derived heterocyclic molecule, CoPy, and
its absorption on rutile(110) surface. Among several adsorption geometries, we in particular
focused on the most stable configuration for a more detailed investigation. In this model,
the interaction between CoPy and rutile(110) results in substantial bending of CN links of
the molecule towards five-coordinated surface Ti atoms and position change of the latter.
According to the electronic structure analysis, electron density di↵erence of CoPy@rutile
shows electron deficiency on under-coordinated Ti5c atoms and accumulation at NCN. Spin
density is mainly localized on Co(II) center of CoPy. Energy alignment with respect to
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Figure 5.6: Homo (a) and lumo (b) of CoPyr in the gas phase. The displayed isosurfaces
are obtained at the value of ±0.236 e/A˚3.
Figure 5.7: Selected molec lar orbitals of optimized Pyr in the gas phase, (a) homo and (b)
lumo. Color code: brown: C, blue: N, and light pink: H. Isosurface (orange for positive and
purple for negative) is set to ±0.03 e/A˚3.
allel to the surface at a distance a few A˚ apart from the topmost atoms moving it
rigidly by changing the position of Co(II) and the two NCN with respect to the surface
O2c and Ti5 atoms and rotating t e molecul r axis parallel to the sur ace, as shown
in Figure 5.8.
The optimization is carried out by relaxing the molecul r geometry and the two
top-most layers of the rutile slab. The other three slab layers are kept fixed at bulk
coordinates. According to the results, CoPyr finds many local minima on potential
energy surface that trap the molecule, even if the adsorption energy is low. In the
case of model-f, even starting from a slightly different configuration, the structure is
minimized to model-a (see Figure 5.8). Hence, starting the geometry optimization
with a small perturbation results in the same favorable configuration. This stable
configuration is only obtained when two NCN atoms are close to Ti5c. Instead, when
only one NCN interacts with surface Ti5c, as i the case f model-e and mo el-i, the
adsorption energy is weaker. In model-k, Co(II) shows attractive interaction with O2c,
however the interaction is repulsive for NCN, which are pushed away from the surface.
The initial geometries of models g and j are slightly different from each other but are
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Figure 5.8: Initial configurations of CoPyr@rutile complex. Color code: brown: C, light
blue: N, light pink: H, dark blue: Co, light green: O, grey: Ti.
minimized to the same final model-j, which is similar to model-g, where NCN adsorbed
between O3c and Ti5c atoms, and Co(II) adsorbed on top of O2c. In model-h, we may
expect rotation of NCN towards Ti5c, however the hydrogen atoms coordinated with
O2c prevent it.
Geometry optimization results suggest that from these eleven starting positions,
only four distinct configurations show relatively high stability. These four structures
are displayed in Figure 5.9 with their names model-a, b, c, and d. The adsorption
energy (Eads) is calculated as
Eads = [Ecomplex − (Eslab + nmolEmonomer)]/nmol (5.2)
where Ecomplex is the total energy of the complex, Eslab is the energy of the slab
where only two layers are fully optimized, and Emonomer is the energy of the molecule
optimized in vacuum. For the monomer calculations nmol is 1, whereas it is equal to 2
for the monolayer case. Negative values of Eads correspond to exothermic adsorption.
For each optimized structure, the amount in dispersion energy is extracted, so that
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its contribution to the adsorption energy is calculated as
Edispads = [E
disp
complex −
(
Edispslab + nmolE
disp
monomer
)
]/nmol (5.3)
The dispersion contribution is always attractive. The distortion energy of the molecules
(Edist) is, instead, the increase in molecular energy due to the geometrical changes
induced by the interaction with the surface,
Edist = Emonomerd − Emonomer (5.4)
Emonomerd is the energy of the molecule calculated in vacuum, but with the same
coordinates obtained from the complex optimization. For the monolayer adsorption on
TiO2(110) surface the stability of the complexes, both Pyr/TiO2 and CoPyr/TiO2, are
evaluated in terms of three parameters, the molecules/oxide interactions (Emonolayerint ),
the distortion energy of the monolayer (Emonolayerdist ), and the intermolecular interactions
(Eintermol ) which are calculated as
Emonolayerint = [Ecomplex − (Emonolayerd + Eslabd)]/nmol (5.5)
and
Emonolayerdist = [Emonolayerd − Emonolayer]/nmol (5.6)
and
Eintermol = [Emonolayer − nmolEmonomer]/nmol (5.7)
respectively. Eslabd is the energy of the bare slab at the coordinates of the complex,
Emonolayer is the energy of the monolayer computed as free standing, and Emonolayerd is
the energy calculated in vacuum with the same coordinates of the monolayer in the
complex.
5.3 Results and Discussion
5.3.1 CoPyr and Pyr Monomers on Rutile(110)
In this section, the geometry optimization results and electronic structure analysis
will be discussed detaily for CoPyr monomer on rutile, while we will only briefly
mention about the corresponding results of Pyr@rutile. The resulting four adsorption
configurations of CoPyr@rutile are characterized by different energies and structural
parameters. In Table 5.4, the above defined Eads, E
disp
ads , Edist values are reported
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a
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d
Figure 5.9: Four different optimized structures of the CoPyr@rutile complex, as obtained
from different initial positions of the molecule. The top view (left) and one side view (right)
of each of the four models are shown. Color code: see previous figures.
together with the average height of the molecule on the Ti5c layer (hav), the difference
in height between the lowest and the highest atoms in the molecule (∆h), which is
a measure of the deviation from planarity, the distance between the two NCN atoms
(dCN), and the minimum distance between an atom of the molecule and an atom of
the surface (dmin).
Table 5.4: Energies and structural parameters characterizing the four distinct adsorption
sites for CoPyr@rutile reported in Figure 5.9.
Model Eads [eV] E
disp
ads [eV] Edist [eV] hav [A˚] ∆h [A˚] dCN [A˚] dmin [A˚] pair
a -4.18 -2.62 0.57 3.67 2.16 10.86 2.13 NCN–Ti5c
b -3.56 -2.34 0.40 3.89 2.34 11.14 2.22 NCN–Ti5c
c -3.35 -2.89 0.24 3.52 1.66 11.51 2.25 Co(II)–O2c
d -2.49 -2.42 0.09 3.94 0.95 11.65 2.77 H–O2c
As a general observation, the interaction to the surface is relatively weak and the
major contribution is due to the dispersion term, which varies from 60% to almost
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100% of the adsorption energy. The strongest adsorption is obtained for model-a,
where the molecule is bent along the dCN axes such that both the NCN atoms can
sit exactly on top of Ti5c centers, while Co(II) coordinates two O2c. The interaction
is further favored by the upwards displacement of the involved Ti atoms by 0.26 A˚,
thus reducing the N–Ti distance to only 2.13 A˚. CoPyr is bent along both axis, even
if the curvature is more pronounced along dCN, reducing the dCN distance by about
1 A˚ with respect to the gas phase structure. The geometrical changes correspond
to a distortion energy of 0.57 eV. Subtracting from the total adsorption energy the
distortion energy, we obtain an interaction energy of -4.75 eV, of which -2.62 eV are
attributed to dispersion. The remaining -2.13 eV are mainly due to the chemical
bonding between NCN and Ti (≈-1 eV per NCN), which, as it will be discussed in
the following, is responsible for the rehybridization of the molecular homo with the
surface states.
In model-b, both NCN and Co(II) are sitting on top of Ti5c centers, and the dCN
axis is oriented along the [001] lattice direction, i.e. rotated by about 30 degrees
with respect to model-a. Also in this case, the closest contact between molecule and
surface is the N–Ti interaction, and the involved Ti atoms are displaced upwards
by 0.15 A˚. However, in this position, some O2c atoms happen to be in proximity of
the pyridine rings, which consequently bend outwards. Overall, the distance between
molecule and surface (hav = 3.89 A˚) is larger than in model-a, and, even though the
molecular distortion energy is smaller, the adsorption interaction is weaker. This can
be explained in terms of the repulsive electrostatic interaction between Co(II) and Ti
and the reduced dispersion contribution due to the larger average distance.
Like in model-a, in model-c Co coordinates the two closest dangling O. The NCN
are on top of the surface oxygen giving rise to a repulsive interaction, which causes the
upwards bending along the dCN axis. Since only the cyano groups are displaced, the
molecule is less distorted than in the two previous configurations, as also indicated by
its dCN length and the computed distortion energy. In average, CoPyr is closer to the
surface and, as a consequence, the dispersion energy term is larger. By subtracting
the distortion energy and the dispersion energy from the total adsorption energy, the
remaining interaction energy amounts to 0.70 eV.
Finally, in model-d, the most active molecular centers, Co(II) and NCN, are too far
from the under-coordinated atoms at the surface. The molecular structure is only
slightly modified upon adsorption, since the only attractive interaction is attributed
to the dispersion forces. This is a classical example of physisorption, as also confirmed
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by the almost equal values of Eads and E
disp
ads . Rather weak physisorption has been
already reported for the case of a single pyridine ring adsorbed on TiO2 [149].
The standing adsorption of CoPyr on rutile(110) surface has also been examined.
CoPyr is positioned perpendicular to the (110) surface, with one NCN on top of one
Ti5c, since between these two species the binding is expected to be strongest. After
the optimization of the structure, the distance between NCN and Ti5c is 2.09 A˚. The
resulting adsorption energy Eads is -1.61 eV, i.e. 2.5 eV lower than for the molecule
adsorbed flat. The obvious reasons for the weaker binding are that only one direct
N-Ti5c interaction is available and the significantly smaller contribution of dispersion
(-0.65 eV), given the standing geometry.
Pratik et al. [150] modeled several different porphyrin-derived molecules adsorbed
both horizontally and vertically on anatase nanoparticles. Their calculations show
that while horizontal orientation of porphyrin on anatase has Eads of -2.6 eV, porphyrin–
4–NO2 has -9.30 eV, and porphyrin–4–NH2 has -4.33 eV, vertical attachment of 1–
NMe2–porphyrin–1–COOH results in Eads of -2.80 eV.
In summary, the most effective interactions for the adsorption of CoPyr on rutile
are those between NCN and the Ti5c surface atoms, followed by the Co(II)–O2c co-
ordination. These are maximized in model-a, which turns out to be the most stable
adsorption site. Therefore, the following analysis of the electronic properties of the
CoPyr@rutile is based on this model.
In the case of Pyr/TiO2(110), the resulting optimized complex is depicted in Fig-
ure 5.10. Eads is calculated as −4.22 eV, indicating relatively strong interactions
between Pyr and TiO2. Apart from chemical interactions, van–der–Waals interac-
tions contribute significantly by Edispads =-2.57 eV. The distance between cyano-N and
five-coordinated surface Ti atom becomes 2.14 A˚. As in the case of CoPyr/TiO2(110),
the convex shape of the molecule on the oxide surface due to this bonding of cyano-N
with the surface Ti atoms results in a cyano-N–cyano-N distance of 10.98 A˚ compared
to 11.96 A˚ in the gas phase.
Apart from this structure, an alternative configuration is possible where the two
protons attached to the pyridinic nitrogens are closer to the two-coordinated surface
oxygens [151]. The optimized structure of this alternative configuration is shown in
Figure 5.11. The adsorption energies of the two configurations are almost the same,
the difference is only around 0.09 eV. We do not observe bending of the protons
attached to the pyridinic nitrogen atoms towards the surface oxygen atoms. The
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Figure 5.10: Top view (a) and side view (b) of the optimized structure of Pyr on TiO2(110).
For clarity only the surface layer and two rutile layers are shown in a and b, respectively.
Color code: blue: N, brown:C, pink: H, green: O, and gray: Ti.
proton-pyridinic nitrogen bond lengths are almost the same in the two configurations,
around 1.04 A˚.
(a) (b)
Figure 5.11: Alternative configuration of Pyr/TiO2(110) where the protons attached to the
pyridinic nitrogen are positioned on top of the two-coordinated surface oxygen atoms. Top
view and side view are shown in (a) and (b), respectively. Color code: see previous figures.
Concerning metalation of the adsorbed Pyr molecules XPS measurements show that
Pyr/TiO2 is readily metalated at room temperature. The observed fast metalation
might be attributed to the stronger molecule–substrate interaction and the particular
adsorption geometry of Pyr on TiO2(110). For example, the bent convex shape of
Pyr/TiO2 may facilitate the Co uptake.
The redistribution of the electronic charge induced by the adsorption is shown in
the electron density difference maps. The electron density difference is calculated by
subtracting from the total density of the complex ρcomplex(r) the individual electron
densities of CoPyr and the slab, at the same coordinates as in the complex
∆ρ(r) = ρcomplex(r)− (ρslab(r) + ρmol(r)). (5.8)
The two isosurfaces of ∆ρ(r) for CoPyr@rutile(110) depicted in Figure 5.12 correspond
to +0.317 e/A˚3, i.e., charge accumulation (top left panel), and -0.317 e/A˚3 (top right
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panel), i.e., charge depletion. We notice that the electrons on the pyridine rings are
partially pushed away from the surface, to reduce the overlap with dangling orbitals of
the O2c atoms. On the other hand, electron accumulation is observed between NCN and
the closest under-coordinated Ti5c atoms, which confirms the presence of a chemical
interaction between these species. The rearrangement leads to the polarization of the
molecule along the perpendicular axis z. In panel c of Figure 5.12 the 2D-integrated
density difference calculated as
∆ρxy(z) =
∫
dx
∫
dy∆ρ(r) (5.9)
is plotted along z. We observe that a finite dipole moment arises along the z axis,
which, estimated as µz =
∫
ρxy(z) · zdz, amounts to 0.5 D.
Figure 5.12: Electron density difference ∆ρ(r): isosurfaces taken at 0.317 e/A˚3 (a) and
−0.317 e/A˚3 (b). c) 2D integrated density difference ∆ρxy(z) plotted along the slab’s
perpendicular axis. Red sphere indicates the height of the under-coordinated Ti5c atoms,
the cyan is NCN, the dark blue Co(II), and the brown spheres are located at the height of
two deeper layers.
Figure 5.13 shows the two isosurfaces of ∆ρ(r) corresponding to +0.002 e/A˚3, i.e.,
charge accumulation (left panel), and −0.002 e/A˚3 , i.e., charge depletion (right panel)
for Pyr@rutile(110). In particular, electron accumulation is observed between cyano-
N and the closest under-coordinated Ti atoms. This picture also confirms the pres-
ence of chemical interactions between cyano-N and five-coordinated Ti species for
Pyr@rutile(110) complex.
A Bader charge analysis [152] is carried out for the optimized configurations of
Pyr/TiO2 and CoPyr/TiO2 to shed light on the charge transfer between the molecules
and the substrate. Our results show that there is a charge flow from the molecules to
the TiO2 surface which is very similar for Pyr (0.481e) and CoPyr (0.488e).
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Figure 5.13: Electron density difference ∆ρ(r): Isosurfaces correspond to 0.002 e/A˚3 (a)
and −0.002 e/A˚3 (b).
The total and projected densities of states, TDOS and PDOS, provide further
information on the redistribution of the molecular orbitals upon adsorption and on
the nature of the interaction. Spin polarization has been used for all calculations;
however, not negligible spin density difference is observed only on Co(II), as shown
in Figure 5.14. Therefore, we plot the distinct alpha and beta spin DOS solely for
Co(II).
Figure 5.14: Spin density of CoPyr@rutile from side view (left panel) and top view (right
panel). Isosurface is taken at 0.317 e/A˚3 and spin density is located on Co(II).
We compare the density of states calculated for the CoPyr@rutile complex with
those calculated for the optimized molecule in the gas phase and for the pristine
rutile surface. All PDOS plots related to the complex are aligned with respect to
the corresponding VBM and normalized by the number of atoms considered in the
projection. In order to facilitate the comparison, the PDOS of the clean rutile (110)
slab are rigidly shifted to aligning the bulk states, i.e., the projections on the atoms
of the inner layers (third and fourth) to the same states of the CoPyr@rutile. These
states are not affected by the adsorption and therefore are easily recognizable.
In Figure 5.15, the TDOS of CoPyr@rutile (top panel) is compared to the con-
tribution obtained from its projection on the CoPyr molecule only (bottom panel).
The different normalization factor makes the low intensity features of the molecular
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Figure 5.15: a) TDOS of CoPyr@rutile(110). The inset (b) shows a zoom-in of the energy
gap region, which allows to distinguish the molecular states within the rutile energy gap. c)
DOS projected on all the atoms of CoPyr. Since the number of atoms is much smaller, the
normalization factor is different, which allows to better appreciate the fine structure of the
molecular states.
states appear with more evidence in the bottom panel. The homo of the complex is
clearly a molecular state of CoPyr. The lumo, on the other hand, is mainly located
on the rutile slab. The calculated energy gap turns out to be 1.06 eV, which is 1.22
eV smaller than the gap of rutile (110). The lowest unoccupied states with major
contributions on CoPyr are about 2.5 eV above the VBM.
The effects of CoPyr adsorption on the DOS of the slab are evaluated by projecting
only on the slab’s atoms and comparing to the PDOS computed for the pristine slab.
In Figure 5.16, we distinguish between contributions from surface titanium atoms (b),
and surface oxygen atoms (c). The signature of the surface Ti5c atoms is the growth
in intensity of the left shoulder of the lowest band of unoccupied states, as compared
to PDOS of bulk Ti atoms (see Figure 5.1). The center of this band is at about 1.5
eV. Of the 21 Ti5c atoms at the surface in our model slab, only two strongly interact
with the molecule via the NCN linkers and are responsible for the small difference
between the red (CoPyr@rutile) and the blue (clean) curves in panel b. The band
of the highest occupied states in rutile is mainly constituted of O-2p orbitals. The
differences between bulk (see Figure 5.1) and surface are more evident in this case
since the surface oxygen PDOS presents one relatively narrow band at about -3 eV
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and lower intensity features at lower energies. This pronounced feature is formed by
the highest occupied surface states. The effects of CoPyr adsorption in the O2c PDOS
are ascribed to the two surface oxygens interacting with Co(II).
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Figure 5.16: PDOS related to surface Ti and O atoms of CoPyr@rutile(110) (red) and
of the clean rutile (110) (blue) are compared. While energy states of CoPyr@rutile are
aligned with respect to its VBM, alignment in pristine rutile is carried out with respect to
highest occupied band of surface O atoms of CoPyr@rutile. a) TDOS. b) PDOS on surface
under-coordinated Ti centers. c) PDOS on under-coordinated O centers at the surface.
The electronic structure rearrangements occurring upon adsorption have their major
effects on the CoPyr molecular orbitals. The PDOS on CoPyr adsorbed and in the
gas phase are compared in Figure 5.17. All the plots are aligned with the homo at
zero eV. The PDOS of CoPyr@rutile (red curves) shows a general broadening of the
bands. The occupied states on Co(a), Np (b), and C (d) present the same main
features as in the gas phase. The lowest unoccupied states are shifted to higher
energies by about 0.5 eV. The projected energy gap becomes 0.48 eV larger than
the homo-lumo gap in the gas phase, if one considers the lowest unoccupied state
with major contributions on the adsorbed molecule, which actually is at 2.5 eV above
the homo. The sharp bands characterizing the PDOS on the NCN in the gas phase
are most strongly affected by the interaction with the surface. The two localized
molecular states at -3.7 eV and -5.5 eV are replaced by a broad distribution due to
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the re-hybridization with the Ti states. Moreover, the interaction has a clear effect on
the charge distribution corresponding to the homo of CoPyr. As shown in Figure 5.18,
the orbital extends in the region between molecule and surface, thus strengthening
the chemical bonding. This electronic rearrangement explains the bending along dCN
and the upwards displacement of the Ti atoms.
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Figure 5.17: PDOS on different species of CoPyr adsorbed on rutile (red solid line) and
optimized in the gas phase (blue solid line). a) PDOS on Co. Positive values are for the
alpha spin channel and negative values for the beta spin channel. b) PDOS on the central
N atoms binding to the pyridine rings, Np. c) PDOS on the external N atoms belonging to
the cyano groups, NCN. d) PDOS on all carbon atoms.
c
FIG. 7: Selected Kohn-Sham molecular orbitals of CoPy a) and b) homo and lumo of CoPy in gas
phase, c) and d) homo of CoPy on rutile(110) front and side view. The displayed isosurface is
obtained at the value of 0.236 e/A˚3.
Ti5c and O2c present at the slab surface. While no significant di↵erence is observed among
the occupied states, a clear e↵ect of the interaction is present for the lowest unoccupied
states localized at Ti5c. In particular, some states in the aligned energy range from 2 to 3
eV are shifted to lower energy by about 1 eV, augmenting the intensity of the first peak.
This result is consistent with the fact that the lowest unoccupied band of the complex is
localized on the surface Ti atoms and the corresponding orbitals are the ones a↵ected by the
presence of the molecule. On the other hand, the occupied states localized on the surface
O atoms are more than 2 eV lower in energy than the CoPy homo and are not significantly
perturbed by the adsorbate.
V. CONCLUSIONS
In summary, we have investigated a Porphyrin derived heterocyclic molecule, CoPy, and
its absorption on rutile(110) surface. Among several adsorption geometries, we in particular
focused on the most stable configuration for a more detailed investigation. In this model,
the interaction between CoPy and rutile(110) results in substantial bending of CN links of
the molecule towards five-coordinated surface Ti atoms and position change of the latter.
According to the electronic structure analysis, electron density di↵erence of CoPy@rutile
shows electron deficiency on under-coordinated Ti5c atoms and accumulation at NCN. Spin
density is mainly localized on Co(II) center of CoPy. Energy alignment with respect to
17
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FIG. 7: Selected Kohn-Sham molecular orbitals of CoPy a) and b) homo and lumo of CoPy in gas
phase, c) and d) homo of CoPy on rutile(110) front and side view. The displayed isosurface is
obtained at the value of 0.236 e/A˚3.
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eV are shifted to lower energy by about 1 eV, aug enting the intensity of the first peak.
This result is consistent with the fact that the lowest unoccupied band of the co plex is
localized on the surface Ti ato s and the corresponding orbitals are the ones a↵ected by the
presence of the olecule. n the other hand, the occupied states localized on the surface
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Figure 5.18: Representation of the homo of CoPyr adsorbed on rutile (110). Top (a) and
side (b) view. Th displ yed isosurf ces are obtained at ±0.236 e/A˚3.
Finally, we separate the contributions to the DOS ascribed to the two Ti5c and the
two O2c atoms more directly involved in the interaction. The resulting PDOS are
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plotted in Figure 5.19 and compared with the PDOS obtained from all the Ti5c and
O2c present at the slab surface. While no significant difference is observed among the
occupied states, a clear effect of the interaction is present for the lowest unoccupied
states localized at Ti5c. In particular, we observe the increase in intensity of the first
peak and the consequent depletion at higher energies. This result implies the presence
of available empty states on the Ti atoms that are also involved in the extension of
the molecular homo state. On the other hand, the occupied states localized on the
surface O atoms are more than 2 eV lower in energy than the CoPyr homo and are
not significantly perturbed by the adsorbate.
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Figure 5.19: a) PDOS on Ti5c atoms. The red line is the same PDOS shown in panel b of
Figure 5.16, related to the complex. The purple line is related to the only two surface Ti
atoms interacting directly with NCN. b) PDOS on O2c atoms. Red line is the same PDOS
presented in panel c of Figure 5.16. The purple line is obtained by the projection on the
two oxygen atoms coordinating the Co(II) in CoPyr@rutile(110).
In the case of Pyr/TiO2(110) complex, similar to the CoPyr/TiO2(110) case homo
and homo-1 is located on the Pyr molecule, whereas lumo is distributed over Ti atoms
of TiO2(110) surface. The molecular band gap is calculated as 2.62 eV, whereas
band gap of the slab is computed as 3.48 eV which is not affected by the molecular
adsorption. The overall band gap of the system, energy difference of the lumo state
of the slab and homo state of the molecule, is determined as 1.61 eV. Figure 5.20
shows the homo of the Pyr/TiO2(110) complex. As a general observation, similar to
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the CoPyr/TiO2(110) case the homo, molecular state of Pyr, extends in the region
between molecule and the surface.
Figure 5.20: Representation of the homo of Pyr adsorbed on TiO2(110). Top (a) and side
(b) view. The displayed isosurfaces (orange for positive and purple for negative) are obtained
at ±0.036 e/A˚3.
5.3.2 CoPyr and Pyr Monolayers on Rutile(110)
The monolayer calculations of both CoPyr@rutile and Pyr@rutile complexes are
carried out using a 2×8×5 TiO2 slab. In both cases, the two topmost layers of
the slab are relaxed, whereas the rest is kept fixed in the bulk positions. LEED
patterns of Pyr/TiO2(110) show a single phase over a wide coverage range and suggest
the formation of ordered domains with a distorted c(2 × 8) superstructure in the
sub-monolayer regime. The superstructure persists even after metalation with Co
which suggests a strong anchoring of the Pyr molecules in this particular adsorption
geometry. As a general observation, the experimental findings are corroborated by
monolayer calculations of Pyr and CoPyr on TiO2(110) and reveal that the adsorption
structures of monomers and monolayers of both molecules are very similar and thus
relatively independent on coverage and metalation.
Figure 5.21 shows the optimized c(2 × 8) superstructure of a CoPyr monolayer on
the TiO2 (110) surface. Again, the CoPyr molecules preserve their bended shape also
in the monolayer case. Eads and E
disp
ads contribution are computed as -3.73 and -2.83 eV,
respectively. Concerning the results of isolated monomer [87], monolayer calculations
give slightly lower and larger Eads and Edisp, respectively. The distance between the
two cyano-N atoms of the CoPyr molecule is 10.87 A˚ which is very similar to the
monomer adsorption case. The distance between cyano-N and the undercoordinated
Ti becomes 2.2 A˚ which is slightly larger than for CoPyr monomer adsorption (2.13
A˚). The molecules/oxide interactions, Emonolayerint , is computed as -5.35 eV for this
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configuration. The shortest distance between two cyano-N atoms of two adjacent
CoPyr molecules becomes 3.2 A˚. The computed Emonolayerdist and E
inter
mol are 1.15 and
-0.48 eV, respectively.
Figure 5.21: Optimized c(2 × 8) CoPyr monolayer configuration on TiO2 (110). For clarity
only the surface layer of TiO2(110) is depicted. Color code: see the previous figures.
Figure 5.22 shows the optimized c(2 × 8) superstructure of a Pyr monolayer on the
TiO2(110) surface. Geometry optimization results show that the molecules preserve
their convex shape towards the surface as suggested by the monomer calculations.
Eads is calculated as -3.76 eV which is slightly lower than the monomer case. Instead,
Edispads is calculated as -2.73 eV being slightly larger than the isolated monomer. While
the molecules/oxide interaction, Emonolayerint , is computed as -5.26 eV, the term for the
intermolecular interactions, Eintermol , is calculated as -0.51 eV. As in the monomer case,
cyano nitrogens of each Pyr molecule is well positioned on the surface Ti atoms with
a measured distance of ≈2.2 A˚. The smallest distance between two cyano nitrogens
of two Pyr molecules becomes 3.1 A˚. This configuration results in distortion energy
of the monolayer, Emonolayerdist , to be 1.13 eV.
Relatively large values of the interaction energies are obtained for both CoPyr@rutile
and Pyr@rutile complexes which are attributed to the substantial distortion of the
monolayer structures on the TiO2 (110) surface. Although there is repulsive inter-
action between the cyano nitrogen atoms of adjacent molecules, they still adsorb on
the surface in a row direction similar to the monomer case. The smallest distance
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Figure 5.22: Optimized c(2 × 8) Pyr monolayer configuration on TiO2 (110). For clarity
only the surface layer of TiO2(110) is depicted. Color code: see the previous figures.
between two cyano nitrogen atoms of two Pyr (CoPyr) molecules becomes ≈ 3 A˚
with this adsorption configuration. In contrast, by relaxing the molecules in the gas
phase, without the substrate, flat structures are obtained with ≈ 7 A˚ separated cyano
nitrogen atoms. Compared to the formation of disordered Co-Phthalocyanine struc-
tures on TiO2(110) [153], our results suggest that the attractive molecule–substrate
and intermolecular interactions together with the van der Waals interaction support
the formation of ordered assemblies and sustain the stability of the monolayers on the
oxide surface.
Experimental UP-spectra and calculated TDOS for optimized monolayer geometries
of both CoPyr@rutile and Pyr@rutile complexes are shown in Figure 5.23. As a
general observation, Cobalt incorporation does not induce a drastic variation of the
measured UP-spectra, (Figure 5.23c). The apparent shift of the valence band edge
(blue dotted line) is about 140 meV smaller after Co-metalation CoPyr/TiO2 homo
and homo−1 binding energies become 1.94±0.10 eV and 2.66±0.10 eV, respectively.
The molecular states remain dispersionless, and the work function does not change
significantly with respect to Pyr@rutile, (ΦCoPyr = 3.8±0.1 eV). DFT results give the
conduction band minimum of Pyr@rutile directly at Fermi Energy (EF ) due to the
apparent shift of the measured valence band edge, while conduction band minimum
of CoPyr@rutile seems to be reasonable. Overall, DFT predicts the relative distances
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Figure 5.23: (a) Normal emission UP-spectra of clean TiO2(110) (black), with 1 ML Pyr
(red) and CoPyr (blue, 60% metalated). Molecular states appear within the bandgap of
the substrate. (b) Energy scheme summarizing the key results of the CoPyr/TiO2 system.
The lumo position is deduced from the measured position of the homo and the homo-lumo
gap of 2.65 eV obtained from our DFT calculations. (c) Bandgap region with arbitrary
offsets added to the Pyr/TiO2 spectrum. A deconvolution by Voigt functions locates the
homo and homo−1 of Pyr/TiO2 at 2.14 eV and 2.66 eV and of CoPyr/TiO2 at 1.94 eV and
2.66 eV, respectively. The lower part of (c) shows the discrete levels calculated by DFT
for Pyr/TiO2 and CoPyr/TiO2, aligned to the valence band onset of the corresponding
spectrum. Note that darker red/blue lines correspond to substrate levels, while orange/cyan
lines are located at the molecule. See Ref. [68] for more details.
between the homo and homo−1 of Pyr and CoPyr quite well, but slight misalignment
of the molecular states with respect to the substrate bands is observed. As summarized
in Figure 5.23(b), the calculated homo-lumo gap of CoPyr becomes 2.35 eV. The
present band alignment is favorable for the absorption of visible light by the CoPyr
molecules and subsequent injection of these excited electrons from the CoPyr lumo
to the conduction band of TiO2(110) [87]. The same holds also for Pyr where the
calculated homo-lumo gap is 2.45 eV.
82 5 (Co)Pyrphyrin Adsorbed on TiO2
Experimentally it is shown that Co insertion significantly increases stability of the
complex against continuous UV-irridation. As mentioned above, our DFT calculations
for Pyr and CoPyr adsorbed on TiO2(110) found that the molecular level scheme does
not change dramatically upon metalation (Figure 5.23(c), lower part). Therefore, the
increased stability of CoPyr should be related to a dynamic effect. The fast degrada-
tion of the adsorbed Pyr molecules due to UV-irradiation could in principle have two
different origins: direct photoexcitation of the molecule yields electronically excited
states with potential energy surfaces that lead to dissociation. On the other hand, hot
electrons resulting from photoexcitation of the TiO2 substrate could fill unoccupied
molecular states with strongly antibonding character, leading to the same result. The
incorporation of the Co atom introduces additional electronic degrees of freedom on
the molecule and increases thus the number of de-excitation channels for electronically
highly excited molecular states. Along with these lines, the possible explanation for
the fast degradation of the adsorbed Pyr molecules due to UV-irradiation could be
that the readiness of the Co2+ ion for changing its charge state offers efficient channels
for hot electrons from the substrate to dwell on the molecule without triggering de-
composition. In fact, this is the same variability of the oxidation-state which renders
CoPyr an efficient water reduction catalyst in solution [14].
Calculations of the charge redistribution of neutral and negatively charged CoPyr
molecules support the mentioned potential buffer property of the Co ion. The com-
parison of electronic redistribution of neutral and negatively (−1e) charged Pyr and
CoPyr molecules in vacuo reveals that the homo-lumo gap of Pyr− (0.26 eV) is sig-
nificantly narrower than that of neutral Pyr (2.23 eV). The homo of Pyr− becomes
1.41 eV less stable than the homo of Pyr. Additionally, the difference of homo and
homo-1 states becomes more significant in Pyr−. While homo and homo-1 show an
energy difference of 1.81 eV in Pyr−, it is only 0.5 eV in Pyr. For CoPyr−, instead,
we do not observe significant changes of the homo-lumo gap or in the difference of
homo and homo-1. Our calculations show that the singlet state of CoPyr− is more
stable than the triplet state by 0.46 eV. Therefore, further calculations were carried
out using a singlet spin state. The homo-lumo gaps are calculated as 1.57 eV and
2.02 eV for CoPyr− and neutral CoPyr, respectively. Contrary to the Pyr− case, the
homo of CoPyr− becomes 1 eV more stable than its neutral counterpart. While the
homo and homo-1 difference is 0.21 eV in CoPyr−, it is 0.72 eV in CoPyr. A Bader
charge analysis [152] shows that charges localize on the Co center for CoPyr in vacuo
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and similarly for CoPyr/TiO2 (around +1.02e). In comparison, the Co center has
+0.71e of charge for the CoPyr− molecule at vacuum.
5.4 Conclusions
We have investigated the adsorption of CoPyr and Pyr on the stoichiometric rutile
(110) surface. The optimized adsorption geometry obtained from DFT calculations
where molecules straddle the bridging oxygen rows in a convex fashion are consistent
with the experimental STM images of the adsorbed molecules. We observe electronic
structure rearrangements occurring upon adsorption, mainly due to the interaction of
the cyano groups of CoPyr and Pyr with the five-coordinated Ti atoms of rutile(110).
The projected densities of states on the different involved species reveal that the
molecular orbitals on the NCN atoms undergo a rehybridization, the homo is located
at the molecule, and the lowest unoccupied states of CoPyr (Pyr) are shifted to
higher energies. Effects of the electronic redistribution are also recognized from the
Ti5c PDOS and the polarization of the electronic density across the molecular plane.
Monomer adsorption calculations show that the first band of unoccupied states is
mainly on rutile and extends from 1.1 to 2.0 eV, with a maximum at 1.5 eV for
CoPyr and 1.61 eV for Pyr. The lowest unoccupied states localized on CoPyr (Pyr)
are instead beyond 2.5 eV (2.6 eV), i.e., at higher energy with respect to the lumo of
the gas phase molecule. At monolayer coverage, in agreement with the experiments,
our DFT-calculation show that molecular states lie within the substrate bandgap for
both, Pyr and CoPyr, with only minor energy shifts upon metalation.
Concerning photo-stability of the complexes, continuous UV-irradiation applied by
the experimentalists induces rapid decomposition of the Pyr molecules, while Co-
incorporation is found to stabilize the molecules against photo- induced degradation.
This is attributed to the additional de-excitation channels for electronically highly
excited molecular states resulting from the variability of the Co oxidation state.
Overall, the adsorption produces a significant reduction of the energy gap with
respect to both pristine rutile TiO2 and the isolated molecules, which should facilitate
absorption of light in the visible range. On the other hand, but for a rigid shift with
respect to the homo, we do not observe strong modifications of the electronic structure
at the Co(II) center. From these results we expect that the catalytic properties of
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CoPyr are preserved upon adsorption. Besides, strongly enhanced stability of CoPyr
is of particular importance for its potential use in dye sensitization of TiO2.
6 Pyrphyrin and Co-Pyrphyrin on Au(111):
The Effects of Herringbone Reconstruction
and Dynamics of Metalation [71, 154]
The (111) surface of gold is known to undergo a complex reconstruction under UHV
conditions, [67] which is clearly visible from STM. The reconstructed surface presents
areas with different stacking of the topmost two layers. In the STM image, these areas
appear as regular stripes of three types along the (110) axis [155]. They correspond to
the fcc, hcp, and intermediate stacking (transition region), thus changing the surface
symmetry from C3v (fcc (111) surface) to C1 [156]. The modulated local atomic
coordination is expected to have an influence on the adsorption and aggregation of
atoms and molecules. In particular, in the transition region the surface energy is
higher and the substrate is more reactive, [157, 158] which, indeed, might favor the
catalysis of reactions and the aggregation of clusters [159–161]. A recent experimental
study [162] on the adsorption on reconstructed Au(111) of Co-octaethylporphyrin and
Co-tetraphenylporphyrin shows a splitting of the Co 2p3/2 peak in the XP spectra,
which has been attributed to the stronger interaction on the more reactive transition
region of the reconstruction pattern.
This chapter focuses on the effects on the adsorption due to the gold reconstruction
and the registry, as well as the discussion on possible structures and on the stability
of the monolayer. Besides, we simulate the metalation process, revealing the interme-
diate steps and the conformational changes undertaken by the adsorbates along the
reaction path. In the following, we briefly describe the applied methodology and the
structural models. The most probable adsorption configurations for the monomers of
Pyr and CoPyr are compared by addressing the electronic structure features, and by
stressing the influence of the reconstruction and of the local registry. Finally, running
AIMD we discuss the reaction mechanism that leads to the metalation of the self-
assembled Pyr molecules upon co-adsorption of atomic Co. We also demonstrate the
presence of an intermediate state along the metalation process and the rearrangement
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of the monolayer after the reaction is completed, in agreement with the experimental
observations [71].
6.1 Computational Methodology
The electronic structure calculations reported in this chapter are performed at the
Kohn-Sham DFT level, employing the Gaussian and plane wave (GPW) formalism,
as implemented in the CP2K/QUICKSTEP package [163]. Only the valence electrons
are treated explicitly, with valence shells containing 11, 17, 4, 1, and 5 electrons for
Au, Co, C, H, and N, respectively. The interaction between the valence electrons
and the atomic cores is described through norm-conserving Goedecker–Teter–Hutter
(GTH) pseudo potentials [112]. The molecular orbitals are expanded in Gaussian
type orbitals using double-zeta plus polarization (DZVP) basis sets, which have been
optimized on molecular geometries (Mol-Opt method) [113]. The auxiliary PW basis
used to represent the valence electron density in reciprocal space has an energy cut-off
of 500 Ry.
As exchange correlation functional the spin polarized general gradient approxima-
tion by Perdew–Burke–Enzerhof (PBE) [80] augmented with a correction for the van
der Waals (vdW) interactions is used. We are going to show that this level of theory
is sufficiently accurate to reproduce the reconstruction of the Au(111) surface, in good
agreement with previous works [164]. PBE is also known to be adequate for captur-
ing the interactions in porphyrin/Au systems, i.e., the hybridization of the porphyrin
states with the Au d-band [165].
We use as a reference Au-bulk lattice parameter of 4.17 A˚. The Au surface is always
described via a slab model, with the exposed plane perpendicular to the Cartezian
axis. Periodic boundary conditions are always applied. To prevent any interaction
between periodically replicated slabs, 20 A˚ of vacuum space are added along the
surface normal.
The study on the adsorption site and registry of the Pyr and CoPyr monomers is
carried out using a 22 × 6 Au(111) slab with 4 layers, where the three topmost layers
are relaxed, whereas the fourth is kept fixed at the bulk coordinates. This slab model
contains 534 Au atoms. For the structural optimization and the ab-initio molecular
dynamics (AIMD) simulations of the CoPyr-monolayer, instead, the un-reconstructed
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Au(111) surface model is used, which allows a much smaller simulation cell. The ideal
9×9 Au(111) slab is used, including four layers, of which the bottom one is fixed.
The AIMD simulations are carried out on the Born-Oppenheimer surface, using for
the nuclei’s equation of motion an integration time step of 0.8 femtoseconds. The tem-
perature is controlled by coupling the system with an external thermostat. In order
to simulate the metalation of the adsorbed Pyr, the MD is accelerated by applying
the metadynamics methodology (MTD) [105]. MTD accelerates the exploration of
the accessible phase space, thus allowing the simulation of rare events that otherwise
would require unfeasibly long simulation times. It is based on the definition of a few
collective variables (CVs), which are conveniently selected to describe the most rele-
vant structural changes. For the metalation process, one CV describes the changes in
coordination state of the Co atom, which is going to be inserted in the Pyr’s pocket.
The pyridine N atoms are initially coordinated to H and after metalation to Co.
Hence, also the N-H average coordination number has been selected as CV.
6.1.1 Au(111): The Herringbone Reconstruction
In order to reproduce the characteristics of the reconstructed Au(111) surface, as
known from experiment, we tested three different approaches to correct the PBE
functional with the proper amount of dispersion contributions. These are the vdW
density functionals by Vydrov–Voorhis (rVV10) [98, 99] in revised form, and Dion–
Rydberg–Schroder–Langreth–Lundqvist (DRSLL), [100] as well as the simpler empir-
ical Grimme-D3 correction [96].
When applied to the 22 × 6 Au(111) slab model, all the three approximations
give a corrugated surface, partitioned in fcc, hcp and transition stripes, where the
top-layer atoms in the transition region are displaced outwards by about 0.05∼0.1
A˚ with respect to the atoms in the fcc and hcp areas. The change in height with
respect to the position of the topmost Au atoms of an ideal Au(111), δh = h− hideal,
is plotted in Figure 6.1(a). δh varies along the [11¯0] direction, while moving over fcc,
transition, hcp, transition, and again fcc in the plot. The rVV10 and DRSLL vdW
functionals give similar morphologies of the topmost layer, but the overall upwards
displacement is larger with DRSLL, which is consistent with a generally less binding
functional. Otherwise, the proportions between the three different areas are about the
same and in agreement with experiment, where fcc, first transition, hcp, and second
transition appear with a 34:22:22:22 partitioning [166]. The Grimme-D3 approach
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overestimates the width of the transition area, resulting in a 22:30:18:30 distribution.
The plot in Figure 6.1(b) shows the lateral displacement δ[112¯] along the [112¯] axis,
with respect to the original fcc site. δ[112¯] is zero in the fcc region and maximal (∼ 0.85
A˚) when the atoms occupy hcp sites. Also in this case, we observe that the Grimme-
D3 method is more forgiving with respect to displacements from high-symmetry sites,
i.e., more atoms sit at intermediate positions and the actual hcp stacking is never
properly reached. The DRSLL and rVV10 give similar profiles, also in agreement
with previous studies [155].
The more accurate description of the reconstruction pattern by rVV10 is also con-
firmed by the simulated STM image obtained using the Tersoff–Hamann approxima-
tion [102] and shown in Figure 6.1(c). In spite of the analogous peak-to-peak electronic
corrugation of about 0.3 A˚, the Grimme-D3 model presents far too broad transition
domains [167]. All the calculations presented in the following are then carried out
using the rVV10-PBE density functional model. The top view of the rVV10-PBE
optimized super cell of the reconstructed Au(111) slab is reported in Figure 6.1(d).
While in the ideal (111) atomic layer the nearest Au-Au distance is 2.88 A˚, the in-
teratomic distances of the reconstructed layer are modulated between this value in
the fcc and the shorter 2.80 A˚ distance in the hcp domains. Such a compression of
the reconstructed Au surface along [11¯0] direction results in a surface strain which is
associated with the partial redistribution of the sp electrons [168]. Figure 6.2 shows
s and p electrons total density of states (TDOS) on fcc, transition, and hcp domains
of the reconstructed surface, as well as on ideal Au surface. As a general observation,
states on all domains show discrepancy, depletion and slight shifting, with respect to
the states on ideal surface. Different from fcc and transition regions, hcp domain show
depletion and splitting of the states in occupied band near Fermi region at around -3
eV.
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Figure 6.1: Reconstructed Au(111) surface optimized with the three van der Waals schemes.
a) Vertical corrugation of the topmost layer with respect to the ideal surface, across the
supercell along the [11¯0] axis. b) Lateral displacement of the topmost atoms δ[112¯] with
respect to their ideal fcc site. Moving over the three domains the displacement changes
from ∼0 A˚ (fcc), ∼0.6 A˚ (tr.), to ∼0.85 A˚ (hcp). The results obtained with rVV10 are
plotted in black, with DRSLL in red, and with Grimme-D3 in blue. c) Simulated STM
image obtained for the rVV10-PBE model (left) and the PBE-D3 model (right). The iso-
current surface is taken at an electron density of 6.7 10−5 e/A˚3 by applying a bias potential
of 0.9 eV. d) Top view of the reconstructed Au(111) supercell optimized with the PBE-
rVV10 functional. The top layer atoms are the gold-colored spheres, the second layer is
gray, the third green, and the fourth layer, only visible in the transition and hcp areas, is
represented by the red spheres. e) Normalized PDOS on the 5d orbitals of the topmost Au
atoms belonging to the fcc (left), transition (middle), and hcp (right) domains. Black solid
lines indicate PDOS on ideal Au surface.
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Figure 6.2: Normalized TDOS of the s and p electrons on the topmost Au atoms belonging
to the fcc (left), transition (middle), and hcp (right) domains. Black solid lines indicate s
and p electrons TDOS on the ideal Au surface. Only the states close to Fermi region are
depicted.
The resulting rearrangement of the electronic distribution is also revealed by the
projected density of states (PDOS), Figure 6.1(e). The Au-5d states projected on the
fcc and hcp regions are very close to the reference PDOS of the ideal surface. In the
transition region, instead, the symmetry is reduced, which affects the broadening of
the d-band, with the depletion of states around -4 eV causing a shift to higher energy
of the band’s center.
The reconstruction corresponds to an energy gain that we estimate in terms of the
energy difference per unit cell between reconstructed and ideal surfaces, as
∆E = Erec − Eideal − 6Ebulk. (6.1)
In the above expression Erec is the energy of the reconstructed 23 × 6 slab, Eideal
is the energy of the ideal 22 × 6 slab, and Ebulk is the energy per Au atom in the
bulk. Ebulk is obtained by the procedure described in Refs. [169, 170] using a 6×6
slab varying layers from 7 to 12. From our calculations ∆E is -1.33 eV/unitcell, i.e.,
the herringbone reconstructed slab is more stable than the unreconstructed one, as
expected.
6.1.2 Pyrphyrin and Cobalt-Pyrphyrin Adsorption on
Reconstructed Au(111)
For the ball and stick sketches of Pyr and CoPyr, we refer to Figure 5.5 in Chapter 5.
As already mentioned in Chapter 5, two nitrogens in pyridine rings, Np, are protonated
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in Pyr, while the protons are replaced by the Co(II) cation in CoPyr. In the gas phase,
both molecules are planar and along the axis of the cyano groups the CoPyr is slightly
shorter (11.78 A˚) than Pyr (11.96 A˚), due to the interactions between Co(II) and the
electronegative nitrogens [87]. The lowest energy spin state of CoPyr is doublet, and
the spin density is localized at the Co(II) center.
The adsorption of the monomers Pyr and CoPyr has been investigated by testing
different possible adsorption sites. Each optimized structure is characterized in terms
of a few structural parameters, describing the actual position and registry and the
distortion of the molecule. The interaction is analyzed by considering the different
energy contributions. The rearrangements of the electronic distribution are verified
by means of the PDOS. The optimization is carried out by relaxing the molecular
geometry and the three top-most layers of the Au slab, while the fourth layer is kept
fixed at bulk coordinates. The adsorption energy (Eads) is calculated as
Eads = [Ecomplex − (Eslab + nmolEmonomer)]/nmol (6.2)
where Ecomplex is the total energy of the complex, Eslab is the energy of the optimized
slab, Emonomer is the energy of the optimized molecule in vacuum, and nmol is the
number of molecules. For the adsorption of the monomer, nmol=1. The dispersion
contribution to the adsorption energy can also be determined by extracting only the
vdW density functional term
Edispads = [E
disp
complex −
(
Edispslab + nmolE
disp
monomer
)
]/nmol (6.3)
The molecular distortion energy, (Edistmol) is the energy loss due to the geometrical
changes induced by the interaction with the surface,
Edistmol = Emold − Emonomer (6.4)
where Emold is the energy calculated in vacuum, but at the same coordinates of the
molecule in the complex. In a similar way, Edistslab is calculated by subtracting the
energy of the optimised slab from the energy of the slab at the coordinates of the
complex,
Edistslab = Eslabd − Eslab (6.5)
The neat interaction energy is defined as
Emonomerint = Ecomplex − (Emold + Eslabd) . (6.6)
92 6 (Co)Pyrphyrin Assembly on Au(111)
The experimental study by Mette et al. [71] shows that the CoPyr molecules as-
semble and form a hexagonal super lattice with a lattice constant of asuper≈12.46 A˚
on the reconstructed Au(111) surface. This asuper corresponds to 4.33×asurf , where
asurf≈2.88 A˚ is the surface lattice parameter. However, the relative orientation of the
molecules can not be resolved, also because the STM images are obtained at room
temperature and a substantial thermal mobility has to be taken into consideration.
We have then modeled the CoPyr monolayer placing four molecule on the ideal 9×9
Au(111) slab, which is the smallest model approximately commensurate with the ex-
perimental superstructure (a′super≈12.77 A˚). Several possible configurations are tested
by rotating the molecules with respect to each other, still trying to satisfy the criteria
for the optimal adsorption registry. Each initial structure is optimized and its stabil-
ity is evaluated in terms of two energetic parameters, the molecules–metal interaction
(Emonolayerint ) and the distortion energy of the monolayer, (E
monolayer
dist ), calculated as
Emonolayerint = [Ecomplex − (Emonolayerd + Eslabd)]/nmol (6.7)
and
Emonolayerdist = [Emonolayerd − Emonolayer]/nmol (6.8)
respectively. In the above expressions, Emonolayer is the energy of the monolayer com-
puted as free standing and Emonolayerd is the energy calculated in vacuum with the
same coordinates of the monolayer in the complex. nmol is the number of molecules
in the simulation cell which is 4.
In order to simulate the metalation process, a similar model is used, where the
monolayer is initially constituted of four Pyr molecules. After the equilibration at
room temperature, which allows the optimal rearrangement of the molecules, one
single Co atom is added, from above in the vicinity of the monolayer. By running
AIMD from this initial configuration, we are able to simulate the direct metalation
occurring upon Co deposition.
6.2 Results and Discussion
6.2.1 Monomer Adsorption On The Reconstructed Au(111)
Surface
We first identify the most stable adsorption registry of Pyr and CoPyr on the fcc
domain of the reconstructed Au(111) surface. The molecule is initially placed flat
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above the surface, at about 4 A˚. In both cases, five different orientations of the cyano
group axis with respect to the [11¯0] surface axis are considered, i.e., at angles of 0◦,
19◦, 24◦, 60◦, and 73◦. The top views of all the optimized geometries are shown in
Figure 6.3 for Pyr/Au(111) and Figure 6.4 for CoPyr/Au(111).
(a) fcc-0
o
(b) fcc-19
o
(c) fcc-24
o
(d) fcc-60
o
(e) fcc-73
o
Figure 6.3: Five different optimized structures of the Pyr@Au complex. Pyr is adsorbed on
fcc site of the reconstructed surface with 0◦, 19◦, 24◦, 60◦, and 73◦ tilted angles with espect
to [11¯0] direction of the Au slab. Color code: blue: N, green: C, white: H, yellow: Au.
(a) fcc-0
o
(b) fcc-19
o
(c) fcc-24
o
(d) fcc-60
o
(e) fcc-73
o
Figure 6.4: Five different optimized structures of the CoPyr@Au complex. CoPyr is ad-
sorbed on fcc site with 0o, 19o, 24o, 60o, an Color code: blue: N, green: C, white: H, purple:
Co, yellow: Au.
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The corresponding computed adsorption energies and the separated contributions
due to dispersion and distortion are reported in Table 6.1. The adsorption strength is
Table 6.1: Adsorption, interaction, dispersion, and distortion energies characterizing Pyr
and CoPyr adsorbed with five different registries on the fcc domain.
Model Eads E
disp
ads E
monomer
int E
dist
mol E
dist
slab
Pyr
0◦ -3.56 -3.56 -3.71 0.10 0.05
19◦ -3.53 -3.62 -3.65 0.06 0.06
24◦ -3.61 -3.66 -3.78 0.10 0.08
60◦ -3.65 -3.54 -3.72 0.02 0.06
73◦ -3.61 -3.58 -3.67 0.02 0.04
CoPyr
0◦ -4.15 -3.92 -4.55 0.24 0.16
19o -3.97 -3.88 -4.27 0.18 0.12
24o -4.00 -3.94 -4.41 0.26 0.15
60o -4.16 -3.91 -4.48 0.17 0.15
73o -3.97 -3.98 -4.20 0.17 0.07
generally rather weak. The differences among the five orientations of both CoPyr and
Pyr are small, suggesting that the molecules should be rather mobile at finite tem-
perature, thus allowing rearrangements and the aggregation of assemblies, as indeed
observed experimentally. The interaction strength is maximized by locating the cyano
N atoms and the Co center on top of the closest surface Au atoms. For both Pyr and
CoPyr, this is optimally obtained by minimal distortion of the molecule when the ro-
tation angle is at 60◦. The ball and stick sketches shown in Figure 6.6(a) and (b) show
that the optimized molecules are only slightly bending along the cyano group axis to
favor the interaction with the surface. In the case of CoPyr, Co atom is sitting on
top of one Au atom, which is slightly lifted. The dominant attractive contribution is
associated to the dispersion forces, strongly favoring the horizontal adsorption geom-
etry. The presence of the Co atom in the molecular pocket determines the stronger
binding of CoPyr with respect to Pyr, thanks to the partial electronic redistribution
around the metallic center. The distortion of both molecule and metal are minimal,
but still slightly larger in the case of CoPyr, due to the attractive Co-Au interaction.
The most relevant structural parameters characterizing the optimized geometries, as
the distance between the two cyano N atoms and the height of the molecule above
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the surface, are summarized in Table 6.2. The graphical description of the measured
distances shown in Table 6.2 is reported in Figure 6.5.
dNCN/Au
dCN
dCo(II)/Au
dAu1-Au2
Figure 6.5: Ball and stick representation of CoPyr@Au showing reported distances in Ta-
ble 6.2. dCN is the distance between the two cyano N; dAu1-Au2 is the distance between the
two top Au atoms closest to the NCN; dNCN/Au is the distance between NCN and the closest
Au on the surface; dCo(II)/Au is the distance between Co and the closest Au on the surface.
Only surface Au atoms are shown. Color code: blue: N, green: C, white: H, purple: Co,
yellow: Au.
The dCN values are in general smaller than in vacuum, because the two cyano groups
tend to bend towards the metal in order to favor the interaction. This effect is more
pronounced when the NCN are closer to top Au sites, i.e., 0
◦, 24◦, 60◦. Indeed, these
geometries are also characterized by stronger binding. dAu1-Au2 varies depending on
the orientation of the molecule, since only in the case of the 0◦ and 60◦ these two
atoms belong to an atoms’ row laying along a crystallographic axis. Moreover, upon
relaxation, Au1 and Au2 may also move to favor the binding. In the case of CoPyr, the
closest dCo(II)-Au distance is also a relevant parameter. Indeed, the larger variations in
the interaction energy associated with the CoPyr registry may be attributed to the
different position of Co relative to the closest Au atom.
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Table 6.2: Structural parameters for the adsorbed Pyr and CoPyr over the fcc domain.
dCN is the distance between the two cyano N (11.78 A˚ in vacuum); dAu1-Au2 is the distance
between the two top Au atoms closest to the NCN; dNCN-Au is the distance between NCN
and the closest Au; dCo(II)-Au is the distance between Co and the closest Au on the surface;
∆hAu is the maximum vertical displacement the surface Au atoms; hmol/slab is the average
height of the molecule over the surface, taking as reference the average height of the topmost
Au atoms; µz is the vertical component of the molecular dipole moment (zero in vacuum).
All distances are given in A˚, the dipole in Debye.
Model dCN dAu1-Au2 dNCN-Au dCo(II)-Au ∆hAu hmol/slab µz
Pyr
0o 11.78 11.42 2.49, 2.70 0.05 3.19 0.191
19o 11.86 12.54 2.52, 3.04 0.10 3.17 0.191
24o 11.80 12.54 2.52, 2.53 0.08 3.14 0.190
60o 11.76 11.81 2.50, 2.52 0.05 3.19 0.191
73o 11.84 10.66 3.24, 3.25 0.04 3.16 0.191
CoPyr
0o 11.63 11.49 2.50, 2.54 2.73 0.20 3.08 0.187
19o 11.73 12.56 3.22, 3.27 2.72 0.20 3.09 0.188
24o 11.64 12.51 2.47, 2.55 3.02 0.11 3.06 0.187
60o 11.64 11.85 2.48, 2.54 2.74 0.20 3.08 0.187
73o 11.70 10.70 2.80, 2.87 3.16 0.01 3.03 0.186
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Figure 6.6: Side view and top views of the optimized structures of a) Pyr and b) CoPyr on
the reconstructed Au(111) surface. (green: C, white: H, purple: Co, blue: N, and yellow:
Au). c) Corrugation of the Au surface across the supercell upon Pyr and CoPyr adsorption.
Red dots for 60o molecular alignment, green for 73o, and black for bare surface.
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In order to better understand the role of the adsorption registry, we analyze in
more detail two orientations, the one at 60◦ and the one at 73◦. In spite of the
fact that the total distortion energy of the Au slab is very small, we observe that
locally the Au atoms in closer contact with the NCN and Co (for CoPyr) undergo
a measurable vertical displacement. When the cyano N are placed on top of the
underneath Au atom, the molecule bends slightly, thus reducing the N-Au distance as
well as dCN. The surface responds to the interaction with small vertical displacements
of the closest Au atoms (see Figure 6.6(c)). It is observed that in the fcc area, where
the monomer is placed, a few Au atoms move inwards, due to the repulsive interaction
with the most bulky part of the molecule. However, the Au atoms below the NCN
are slightly displaced upwards, and the effect is only marginally more pronounced in
the case of the 60◦ orientation (red dots). The largest Au displacement, though, is
clearly associated with the interaction with Co, and it occurs only if the metal center
is placed at the atop site, i.e., when CoPyr is rotated by 60◦. All over the rest of
the super cell the corrugation profile remains unperturbed with respect to the bare
reconstructed surface (back dots).
The PDOS on the N and Co reveal how the molecular states are redistributed due
to the interaction with the metal, see Figure 6.7(a). The comparison with the PDOS
computed for the molecule in vacuum (black thin line) shows the broadening of the
occupied NCN band, which is associated with the already discussed interaction of the
cyano group with the surface. In particular, when the molecule is optimally aligned
with the Au atomic row (60◦), there is an additional down shift of the band, consistent
with the stabilisation of the adsorption. The other relevant effect is the depletion of
the highest occupied Co-3d states, pinned at the Fermi energy, suggesting a partial
hybridization with the Au surface states. The rearrangement is expected to be more
effective when the Co atom is at the atop site, however this does not appear evidently
from the Co-3d PDOS. On the other hand, by restricting the Au-5d PDOS only to
the atoms in closer contact with either the Co or the NCN atoms and zooming-in
close to the Fermi energy (Figure 6.7(b)), the expected increment associated with
the interaction with the adsorbate becomes visible. This increment is, indeed, more
pronounced in the case of the 60◦ molecular alignment.
The electron density difference maps confirm this picture. The cuts across ∆ρ(r)
shown in Figure 6.7(c) confirm that the largest electronic rearrangements occur around
the NCN and Co atoms. The NCN atoms are more electronegative than the Au atoms.
This induces some density depletion above the surface, below NCN, and the corre-
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Figure 6.7: a) PDOS on Co (3d), for CoPyr, NCN (2p), and Np (2p) of CoPyr and Pyr.
Red for the 60o molecular alignment, green for 73o, and black for CoPyr and Pyr in vacuum.
b) PDOS on the Au atoms (5d) closest to Co, for CoPyr, and closest to NCN, for both Pyr
and CoPyr. The right panels show the zoom-in of the region around the Fermi energy. The
distributions are normalized by the number of atoms. c) Cut across the electron density
difference maps, ∆ρ(r), for 60o and 73o rotated CoPyr. The cutting planes pass through
the molecular center along the cyano axis (left) and through the pyridine plane (right).
The color scale indicates accumulation of charge with red (+0.027 e/A˚3) and depletion with
blue (-0.027 e/A˚3). d) 2D integrated density difference, ∆ρxy(z), plotted along the slab’s
perpendicular axis for Pyr and CoPyr. e) Simulated STM images of CoPyr adsorbed on the
reconstructed Au surface. The images have been generated with a bias potential of -0.8 eV,
selecting the iso-density surface corresponding to 10−5 e/A˚3. The color scale from blue to
red spans a height’s change of 3.5 A˚.
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sponding accumulation around the cyano groups. On the other hand, the electrons
around Co are polarized toward the surface, resulting in the charge accumulation be-
low the molecule. From the ∆ρ(r) it is also observed that, while in 60o alignment
only one Au atom is involved in the interaction with Co, with the 73o orientation two
Au atoms are equally contributing.
The polarization along the vertical axis are quantified by calculating the 2D-integrated
density difference, ∆ρxy(z) see Equation 5.9 in Chapter 5, and shown in Figure 6.7(d).
A dipole moment can be measured along the z axis, which is estimated as µz =∫
ρxy(z) · zdz. The resulting µz is around 0.2 Debye. The simulated STM images of
the CoPyr with the 60◦ and 73◦ orientation are also reported in Figure 6.7(e). We
observe that the Co center and the pyrphyrin ligands look brighter for the 60◦ registry,
which should be attributed to the more pronounced bending along the cyano axis and
the associated electronic rearrangement.
Figure 6.8(a) and (b) show corresponding electron density difference maps of 60◦
and 73◦ oriented Pyr molecules on reconstructed Au surface. Electrons are slightly
polarized and electron accumulation is observed on the surface under the pyridine
rings. In 60◦ rotated configuration both NCN atoms are involved in interaction with
underneath Au atoms as in the case of CoPyr/Au(111). On the other hand, only one
NCN atom in 73
◦ placed Pyr molecule has a direct interaction with surface Au atom.
(a)
(b)
Figure 6.8: Electron density difference maps, ∆ρ(r), for (a) 60o and (b) 73o rotated Pyr.
Side and top planes are shown in left and right panels, respectively. The color scale indicates
accumulation of charge with red (+0.027 e/A˚3) and depletion with blue (-0.027 e/A˚3).
In the transition and hcp regions, the different in-plane Au-Au distances might
have an effect on the optimal adsorption geometry. Also the less symmetric atomic
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environment around the Au atoms in the transition region might have an influence.
The resulting electronic rearrangement, as revealed by STM, has been, indeed, asso-
ciated to a somewhat enhanced reactivity. These features combined with the XPS
observation that molecules show different adsorption modes on the reconstructed sur-
face, [162] might suggest that over the different areas of the reconstruction pattern
the interaction with the metal present a different character. In order to clarify the
role of the reconstruction, we have examined the adsorption configurations also at the
hcp and transition areas, finding, though, that the 60o orientation still corresponds to
the lowest energy. The variation in interaction energy is minimal (0.03 eV) among the
three geometries, over the fcc, transition and hcp areas. Actually, once Pyr or CoPyr
are adsorbed, the lateral position of the directly involved Au atoms slightly relaxes,
and this evens up the initially different interatomic distances. From the inspection
of the PDOS, the electronic rearrangements occurring upon adsorption result to be
substantially equivalent over the three areas.
From these results, we conclude that the optimal adsorption geometry is not sig-
nificantly affected by the specific reconstruction’s domain. On the other hand, the
misalignment of the molecule with respect to the preferred orientation can explain
the variations in the XPS signals, due to the modification of the registry with respect
to the surface. From the evaluation of the adsorption energy, it appears that the
rotation of the molecules with respect to the underlying surface is not that unlikely.
It is reasonable to assume that during the assembly of the molecular monolayer at
room temperature, the intermolecular interactions prevail in determining the internal
arrangement. The packing’s optimisation at high coverage maximise the dominant
vdW contributions. Under these conditions, only a subset of molecules are going to
be effectively aligned with the 60◦ orientation. In addition, above room temperature
rotational movements and partial rearrangements play also a role.
6.2.2 CoPyr Self Assembly
Under high coverage conditions (1ML), the Pyr molecules self-assemble into a
hexagonally-ordered molecular superstructure, where each molecule covers an area
associated with 17.5 Au atoms [71]. After Co evaporation and annealing, the LEED
pattern shows a substantial change in the molecular ordering. The CoPyr monolayer
is characterized by a hexagonal unit cell, with vectors aligned with the Au high-
symmetry axes [71]. We propose a model of the CoPyr monolayer consisting of four
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molecules per supercell over a 9×9 Au(111) slab, each molecule covering an area corre-
sponding to 18.7 Au atoms. We employ an unreconstructed Au(111) surface, since we
demonstrated that the reconstruction does not affect the geometry of the adsorbate.
On the other hand, the relative orientation of the molecules within the monolayer
might play an important role, and cannot be unambiguously resolved experimentally.
Therefore, four different molecular patterns have been optimized and compared. The
initial structure is constructed by placing the first molecule (label (1) in Figure 6.10a)
with the optimal registry in the 60◦ orientation. Taking the center of molecule 1 as
the origin of the 2D supercell, the other three molecular centers are located at the
remaining three vertexes. Molecule 2 is the one on the same row as 1 and it is also
initially positioned with the 60◦ orientation. However, neither Co nor NCN are opti-
mally located at top sites. Molecules 3 and 4 form the second row. They are initially
positioned such to avoid strong repulsive interactions between NCN, but still trying
to favor as much as possible the atop sites. Depending on the relative orientation
of the neighboring molecules, the formation of weak NCN-H hydrogen bonds (HB) is
also possible. The resulting four monolayers are: model-a (25◦– 60◦), model-b (80◦–
60◦), model-c (120◦– 60◦), and model-d (145◦– 60◦), where in parenthesis the initial
orientation angles for top and bottom rows are given. Each model has been relaxed
in vacuum as well as over the Au(111) surface.
Optimized CoPyr Molecules in Gas Phase
The optimization of the 2D assembly in vacuum is useful to investigate indepen-
dently the role of the interaction between molecules. Optimization of CoPyr molecules
(four molecules, 172 atoms) in gas phase is carried out by four different initial con-
figurations. As molecules are free standing, we used same initial configurations of the
CoPyr designed for the adsorbed phase, to investigate the effects of the substrate.
The models are namely model-a (25◦-60◦), model-b (80◦-60◦), model-c (120◦-60◦),
and model-d (145◦-60◦) in which case first and second angles define rotations of first
and second molecular rows with respect to [11¯0] direction of Au surface, respectively.
Inter-molecular interactions are characterized by calculating Emols,
Emols = [Emonolayer − nmolEmonomer]/nmol, (6.9)
respectively. In the above expression, Emonolayer is the energy of the monolayer com-
puted as free standing and Emonomer is the energy of one molecule at vacuum. nmol is
equal to 4. Optimized molecular configurations in gas phase are depicted in Figure 6.9.
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As a general observation, the repulsive forces between the NCN’s lone pairs and the
formation of NCN-H HB induce some rotational movements and displacements. The
most stable assembly is obtained starting from model-b, which relaxes to an assembly
with all molecules on equivalent position. The resulting nearest NCN-NCN distance is
6.0 A˚ and each NCN forms two equivalent HBs (2.34 A˚) with the two closest molecules
in the next row, see Table 6.3. The aggregation energy, with respect to the monomer
in vacuum, amounts to -0.6 eV per molecule. The other three models maintain the
double-row pattern, with different orientation angles. Fine adjustments are observed,
which improve the HB-contacts, which are in average less than two HBs per NCN. As
a consequence, the aggregation strength per molecule is also reduced.
Model-a has the lowest Emols which is -0.42 eV/molecule among all the models con-
sidered. Model-c and model-d have Emols as -0.52 and -0.56 eV/molecule, respectively.
While there is no significant changes in coordinates with respect to initial positions
of model-a and model-d, rotations of both first and second molecular rows are ob-
served in optimized configurations of model-b and model-c. In model-a, the shortest
NCN-NCN and NCN-H atom pairs of neighboring molecules become 4.24 A˚ and 2.40
A˚. Neighboring Co-Co distances relax and minimum and maximum distances become
13.15 A˚ and 13.29 A˚, respectively, which are initially set to 12.77 A˚.
In model-b, effects of dipole-dipole and hydrogen bonding interactions are investi-
gated by setting the neighboring NCN-NCN and NCN-H distances to 2.56 A˚ and 1.95 A˚,
respectively. However these initial distances are very short, especially for NCN-NCN,
so repulsive interactions play crucial role which result in rotations of the molecular
rows. As a result optimized NCN-NCN and NCN-H distances become 6.0 A˚ and 2.34
A˚, respectively.
Model-c is designed to maximize interactions of the network with the surface, since
monomer adsorption results show that CoPyr prefers to adsorb with 60◦ (or 120◦)
alignment. However having 1.51 A˚ of NCN-H is very short, so that repulsive inter-
actions separate molecules from each other and relax the NCN-H distance to 2.36 A˚.
Finally in model-d, one of the NCN-H distance relaxes to 2.45 A˚ from 2.11 A˚. Since
the shortest NCN-NCN distance is 5.69 A˚, we do not observe rotations of the molecules
due to the NCN-NCN lone pair repulsion.
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(a) (b)
(c) (d)
(b)(a)
(c)
Figure 6.9: Optimized structures of four different CoPyr configurations, namely model-a
(a), model-b (b), model-c (c), and model-d (d), in gas phase. Molecules in neighboring cells
are also depicted to clarify inter molecular interactions. Dashed lines indicate hydrogen
bonds between NCN atoms and neighboring molecules. For color code, see previous figures.
CoPyr Monolayer on Au(111)
The structures adsorbed on the slab are shown in Figure 6.10. The optimization
of the adsorbed monolayer turns out to produce very similar structures, as those
obtained in vacuum. Table 6.3 shows minimum distances of neighboring NCN-NCN
(dminNCN-NCN) and NCN-H (d
min
NCN-H
) atom pairs after geometry optimization both in gas
phase and also on surface for all the models. While in models a and b we do not
observe significant changes with respect to gas phase and adsorbed coordinates of
the atoms, in models c and d adsorbed CoPyr network shows shifting from gas phase
coordinates due to presence of the Au slab. In model-c the two molecules in the second
row are rotated at 100◦ and 120◦. Co atoms diffuses on the surface to maximize the
interactions with the underneath Au atoms. On the other hand, NCN atoms rotate on
the surface to keep Co metal center in Pyr core stable, maximize hydrogen bonding,
and increase interactions with the slab.
Structural parameters characterizing four distinct monolayer configurations are re-
ported in Table 6.4. As it is shown in Figure 6.10, in models-a, c, and d, molecule 1
is still at 60◦ and well positioned with NCN and Co at atop sites, whereas the others
are less effectively binding to the surface. The average adsorption energy, as reported
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Figure 6.10: Optimised CoPyr monolayer adsorbed on the ideal Au(111) surface. The four
structures refer to the model-a (a), model-b (b), model-c (c), and model-d (d) (see text).
The molecules are labeled from 1 to 4, forming two rows along the [11¯0] direction, as shown
in (a). The colour code is the same used in previous figures. e) PDOS on molecule 1 (red)
and 4 (blue) of model-a. The top panels (I) display the Co(3d)-PDOS. The bottom panels
(II) display the total CoPyr-PDOS. The PDOS are normalised dividing by the number of
considered atoms. The right panels are magnified views of the ±4 eV interval around the
Fermi energy.
in Table 6.5, is around -4 eV/mol for all four models. The molecule/metal interac-
tion, Emonolayerint , is weaker than for the isolated monomer, because by assembling the
optimal registry conditions are overruled. The attractive intermolecular interactions
and the vdW term guarantee anyway the stabilization of the monolayer. Model-a
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Table 6.3: Optimized intermolecular distances both in gas phase and on ideal Au surface
for all models. All distances are given in A˚.
Model Environment dminNCN-NCN d
min
NCN-H
Gas Phase 4.24 2.40a
Surface 3.93 2.32
Gas Phase 6.00 2.34
b
Surface 5.83 2.32
Gas Phase 3.80 2.36c
Surface 3.88 2.28
Gas Phase 5.69 2.45
d
Surface 5.21 2.25
is characterized by the strongest Emonolayerint , thanks to the rather favorable registry of
molecule 1 and 2 determining the smallest average NCN-Au distance. However, Eads is
slightly more positive, because of the less attractive molecule/molecule interactions,
due to the reduced number of intermolecular HBs. In model-b, all molecules are
equally oriented at 90◦, and none is placed with an optimal atop registry of both the
NCN atoms. However, the Co-Au distances are short, which strengthen the binding,
making this the most stable assembly.
Table 6.4: Structural parameters characterizing the four distinct monolayer configurations.
dminCo-Au and d
avg
Co-Au are minimum and average Co-Au distances, respectively; h
avg
Au is average
vertical position change of Au atom which is the closest one to Co center; dminNCN-Au and
dmaxNCN-Au are minimum and average NCN-Au distances, respectively; d
avg
NCN
is average NCN-
NCN distance of a molecule after adsorption showing degree of bending of CoPyr towards
the Au surface. All the distances are given in A˚.
Model dminCo-Au d
avg
Co-Au h
avg
Au d
min
NCN-Au
davgNCN-Au d
avg
NCN
a 2.80 2.96 0.16 2.61 3.03 11.73
b 2.76 2.85 0.21 3.05 3.24 11.76
c 2.79 2.88 0.21 2.64 3.17 11.74
d 2.78 2.87 0.20 2.94 3.19 11.76
The PDOS computed for molecule 1 and 4 of the optimized model-a are compared
in Figure 6.10(e) to verify the effects on the electronic distribution as a function of the
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Table 6.5: Adsorption, interaction, dispersion, and distortion energies characterizing the
four models of the CoPyr monolayer adsorbed on Au(111). Energies are in eV/molecule.
Model Eads E
monolayer
int E
monolayer
dist E
disp
ads
a -3.98 -4.12 0.49 -3.93
b -4.11 -4.10 0.52 -3.87
c -4.02 -3.95 0.37 -3.90
d -4.06 -3.91 0.33 -3.87
registry within the monolayer. Indeed, these two molecules are apparently the ones
with the best and the worst adsorption registry. In particular, the shortest Co(II)-Au
distances are 2.80 A˚ and 3.31 A˚, respectively. As expected, the Co(3d)-PDOS shows
some differences between the two molecules around the Fermi energy. The increased
density of Co(3d) states at about -2.5 eV and at about +1 eV is specific of the
molecule that is more strongly binding to Au. This confirms that the heterogeneous
Co environment within the monolayer results in clear electronic signatures, which
might also explain the experimentally observed shift of the Co XPS signals.
6.2.3 The Metalation Process
The metalation process has a stabilisation effect on the monolayer, thanks to the
interaction of Co with Au. This introduces additional constraints to the position and
orientation of the molecules, which are supposed to be the reason of the experimentally
observed reconstruction of the molecular lattice. However, the metalation itself is not
as straightforward as expected. Upon the post-deposition of atomic Co, on top of the
already formed Pyr-monolayer, only a fraction of molecules is metalated and most of
the metalated molecules appear to be trapped in some intermediate state, whereas
most of the Co is adsorbed in clusters on the Au(111) surface. Only after a prolongated
annealing at 423 K,≈90% of the molecular lattice are CoPyr complexes with Co atoms
occupying the central, four-fold nitrogen coordinated site. This behavior is at odds
with the fast metalation of porphyrins on metallic substrates [171].
In order to shed some light on the reaction mechanism, and to identify the interme-
diate states that might hinder the direct formation of CoPyr, we simulate the process
by AIMD. In particular, one Co atom is placed above the monolayer, as in the first
stage of the deposition, and the system is thermalized at 350 K.
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First the Pyr-monolayer has been shortly equilibrated at room temperature, start-
ing from a (25◦– 60◦) configuration, in analogy with the model-a used for the CoPyr-
monolayer. The molecules turn out to be quite mobile at this temperature, and wobble
over the surface, forming and breaking NCN-Au and NCN-H contacts, while their orien-
tation keeps changing. Once the Co atom is added, in order to be able to observe the
relevant processes within a relative short simulation time, the dynamics is accelerated
by applying the metadynamics scheme. Two CVs are employed. CV1 keeps track of
the coordination of Co with respect to any N atom present in the simulation cell. Its
value is expected to increase from ∼0, when Co is far from any molecule, to ∼4, when
it is inserted at the molecular center. CV2 follows the coordination in the molecular
pocket between the N and H atoms. Using a cutoff radius of about 2.5 A˚, the initial
average coordination is about two. This value is expected to decrease, when the H
atoms of one molecule are replaced by the Co atom. Though, since the average is
taken over the four molecules and only one is going to be metalated, the final value
is going to be larger than 1.5.
The run is started by positioning the Co atom above the monolayer at about 3 A˚.
During the first 18 ps, the Co atom coordinates to the center of one pyridine ring, at
an average distance of about 2.6 A˚ from the closest Np, with fluctuation of about 1 A˚.
The coordination number varies between 1 and 2, being the next closest Np between
4 and 4.8 A˚, i.e., in the outer part of the coordination sphere. This state represents a
stable intermediate and, indeed, it can be obtained as stable structure by the geometry
optimization carried out from one MD snapshot extracted from the trajectory at about
15 ps (Figure 6.11(a) and (b)). We infer that this intermediate acts as a bottleneck
along the metalation process. This state is stabilized by the overlap between the p
orbitals of the six-member ring and the d orbitals of the Co metal. The simulated STM
image of the optimized intermediate in Figure 6.11(c) shows a bright protrusion at the
position of the coordinated Co atom. As discussed in our recent work [71], we know
that the presence of an intermediate state can be defined by these bright protrusions in
STM images that are differ from the signature of the Pyr an is in agreement with the
experimental images taken ahead of full metalation upon deposition of Co, showing
features that differ from the signature of the Pyr and CoPyr [71]. Therefore, STM
image in Figure 6.11(c) can be interpreted as an intermediate state, the presence of
distorted Pyr molecules interacting with the deposited Co atoms.
The evolution of the two CVs along the MTD trajectory is reported in Figure 6.12(a).
The large fluctuations of CV1 are determined by the strong distortion of the molecule,
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Figure 6.11: (a) Geometry optimization of one MD snapshot extracted from the trajectory
at around 15 ps. Co is at the center of one of the pyridine ring and spends more time on the
ring instead of quickly coordinating with the Pyr core. While top view is shown in (a), side
view of the optimized structure is shown in (b). For clarity only one Pyr molecule with Co
ontop is shown in (b). This structure is determined to be intermediate state and acts as a
bottleneck along the metalation process. The color code is the same used in previous figures.
(c) Simulated STM of the optimized intermediate state. The image has been generated with
a bias potential of -1.0 eV, setting the iso-density surface to a value of 10−5 e/A˚3. The color
scale from blue to red spans a height change of 3.5 A˚.
while the Co atom is coordinating with the pyridine ring. The CV1 value is directly
related to the distance of Co from the closest N atoms, i.e., the closest Np, the next
Np, and the closest NCN of the same molecule, which are plotted in Figure 6.12(b).
During the first 20 ps, the CV1’s value increases beyond 2, when the closest cyano
group flips upwards, such that the NCN also coordinates to Co. These rearrangements
are associated with a significant molecular distortion, as also verified by the fluctua-
tion in the NCN-NCN distance, in Figure 6.12(c). However, the definitive increase in
coordination occurs between 23 and 24 ps, when the Co atom moves away from the
pyridine ring, towards the molecular center. The four Co-Np become all equal ∼2 A˚,
while the Co-NCN increases to ∼6 A˚. The Co insertion pushes away the H atoms at
the center of the molecule, thus determining the decrease in the CV2’s value. For
the rest of the simulation, the removed hydrogens are adsorbed at the gold surface.
Over a sufficiently long time scale, the H diffuse over the surface, recombine and
desorb as molecular hydrogen. After the replacement has taken place, the molecule
recovers its basically planar geometry. The NCN-NCN distance gets the characteristic
shorter length of CoPyr, and the Co-N distances show much smaller fluctuations. The
molecule rotates and slides on the surface, until the Co atom is located approximately
atop one surface Au atom. The top view of four snapshots extracted from the tra-
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Figure 6.12: (a) Time evolution of CV1 and CV2 along the MTD run. (b) Distance between
the Co atom and some close N atoms: the closest Np (labeled as Co–Np,1) , the next Np
(Co–Np,2), and the closest NCN (Co–NCN) of the same molecule. (c) NCN–NCN distance in
the molecule interacting with Co. (d) Free energy surface as function of the two CVs, as
determined from the MTD potential added during the 35 ps run. (e) Mulliken charges of
Co, NCN, Np,1, and Np,2.
jectory at the beginning and after 20, 23, and 35 ps are displayed in Figure 6.13.
From the last snapshot the reorientation of the molecule induced by the metalation
can be clearly observed. After about 35 ps, the process can be considered completed
and the MTD simulation has been interrupted. A further prolongation should lead
also to the reverse process, thus providing a better estimate of the depth of the free
energy minimum corresponding to the metalated state. However, it would require
significantly larger computational resources. Even if the constructed free energy sur-
face, reported in Figure 6.12(d), underestimates the difference between the two end
states, it clearly shows the presence of the stable intermediate. The basin of attrac-
tion of the intermediate is broader than the one of the final state, indicating a larger
flexibility of the molecular structure. The barrier separating the intermediate from
the metalated state turns out to be around 1.0 eV. The metalation process is also
accompanied by the electronic redistribution within the molecule. In Figure 6.12(e),
we report the Mulliken charges calculated for the Co atom and three N atoms. These
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are the closest Np, bound to one central H at the beginning of the simulation, the Np
next to it, with no H, and the closest NCN. Despite the absolute value of the Mulliken
charges is not an accurate indicator of the oxidation state, its variations characterize
the structural changes, as it is the case for the charge of Co and of the two Np that
abruptly change upon Co insertion.
1 ps
20 ps
23 ps
35 ps
Figure 6.13: The top views of four snapshots extracted from the trajectory at the beginning
and after 20, 23, and 35 ps during metalation process. Color code: cyan: C, white: H, brown:
Co, blue: N, and yellow: Au.
These results confirm that the the metalation pathway upon Co deposition is not
straightforward. The interaction with the pyridine rings, but also with the underlying
Au(111) surface, compete with the insertion into the molecular center. Thanks to
the wider exposed area, the intermediate states are entropically favored. From the
pyridine-coordinated state, the Co atom could also be adsorbed to the Au(111) surface
and the metalation could then occur from below. The investigation of this other
possible pathway can be the subject of an extension of the present study. A new
MTD run would be needed, starting with Co adsorbed on the surface and using a
different set of collective variables. Moreover, once on the gold surface, Co can also
aggregate into clusters, as shown from experiment, which could also be investigated
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adding more Co atoms on the surface. Here we just compare the total potential
energy of some foreseen intermediate states. We find that the coordination of Co to
one pyridinic ring stabilizes the gas phase atom by 3.4 eV. The successive insertion of
Co with the transfer of the two H atoms to the surface leads to a further decrese in
potential energy of -3.9 eV, while the desorption of molecular hydrogen corresponds
to an additional stabilization of 0.2 eV. By optimizing a state where the Co atom is
co-adsorbed on Au(111), we find that one cyano N coordinates to the Co ad-atom and
this stabilizes the i intermediate, which is indeed lower in energy with respect to the
state with Co coordinated to the pyridine ring by 3.6 eV. We have previously evaluated
the relative stability of Co in the different situations, comparing the co-adsorbed Co
atom and the Pyr monomer on Au(111) to the metalated state. These data are
discussed in our recent publication [71]. It turns out that separately co-adsorbed Co
and Pyr on Au(111) (no interactions with the cyano group) is less stable by 1.3 eV
than the formation of the CoPyr-2H complex, in which Co is inserted into the Pyr
core from below, but the two hydrogens are still attached to the Np atoms. Anyway,
the intermediate state shown in Figure 6.11 (considering only the monomer) is also
0.9 eV less stable than separately co-adsorbed Co and Pyr on Au(111) complex, thus
confirming that the Co-Au attractive interactions are stronger than the interactions
between Co atom and pyridine ring. In general we can confidently state that the most
stable state is, indeed, the CoPyr on Au(111) surface plus molecular hydrogen in the
gas phase.
6.3 Conclusions
We have investigated the adsorption of Pyr and CoPyr monomers on the recon-
structed Au(111) surface, by considering the role of the herringbone reconstruction
and of the adsorption registry in determining the geometry and the electronic proper-
ties of the adsorbate. To this end, we have augmented the PBE energy functional with
the dispersion correction approach that most accurately reproduce the characteristic
corrugation pattern of the herringbone reconstruction, i.e., the rVV10 scheme. We
have also verified that other schemes are not sensitive enough to the local environment
geometry, as the Grimme-D3 correction, or are too weakly binding, as the DRSLL.
Our results indicate that the molecule/metal binding strength is maximized when
the NCN atoms and, if present, the Co center are located at atop sites. Over the fcc
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domain, this condition is at best satisfied when the molecule is oriented with the cyano
axis at 60◦ with respect to to the [11¯0] crystallographic direction. Energetical and
structural parameters, as well as the PDOS reveal that the herringbone reconstruction
does not have a significant effect on molecule/metal interactions. On the other hand,
comparing the adsorption of Co(II) center (for CoPyr) and/or NCN on atop and bridge
positions, we remark significant differences in energetical/structural parameters and
also in the re-hybridization of the molecular orbitals. We conclude that the adsorption
registry has an influence while the herringbone reconstruction does not.
Another important aspect is the aggregation of the molecules to form a monolayer.
Starting from the experimental observation of the superstructure constituted by the
CoPyr assembly, we could determine the most probable relative orientation of the
molecules in the lattice and identify the relevant molecule/molecule interactions. In
particular, we observe that the molecule rotate to avoid the repulsive cyano/cyano
interactions, while tend to form weak NCN-H bonds. The fact that the registry on the
Au surface within the monolayer is not homogenous, induces the presence of differently
adsorbed molecules in the assembly. This fact most probably determines the different
electronic signatures revealed experimentally by XPS. Hence, the splitting of the core
binding energy should be attributed to the local variation in the position of the Co
center with respect to the closest underlying atom, and not to the location on a
different region of the Au(111) reconstructed surface.
Recent experimental findings point out that contrary to traditional porphyrins
which can be metalated even at room temperature, activation barrier for metala-
tion of Pyr is rather high and the process is temperature driven [71]. The metalation
process has been investigated by means of ab initio molecular dynamics. One Co atom
deposited over the already formed Pyr monolayer at 350 K explores the available con-
figurational space until it is inserted into one molecular pocket. The simulation show
the presence of at least one intermediate state, where Co is coordinated to one pyri-
dine ring. This hinders the move toward the molecular center and the replacement
of the internal H atoms. The stabilization of this intermediate is attributed to the
overlap between the p orbitals of the six-membered ring and the d orbitals of the Co
metal.
The simulation of the metalation reaction by placing initially the Co atom from
above, in the vicinity of the monolayer wants to reproduce the early stage of the
process, soon after the deposition. However, the direct metalation might fail and
the Co atoms can be transferred to the Au surface and aggregate into clusters. The
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further metalation can then be activated by annealing, as it is indeed observed in
experiment. A possible extension of this study should consider the second stage of
the process, by simulating the diffusion of the Co atoms over the Au surface until
they coordinate with one molecular center and replace the H atoms from below.

7 Conclusions
Emergent technologies and the demand for alternative energy sources which do not
produce greenhouse gases as byproduct, lead to a growing awareness in using those
renewable sources already provided by nature, such as sunlight. Generating renewable
fuels by taking advantage of solar-light by storing its energy in chemical bonds has be-
come the main challenge of today’s energy science. Recently, researchers have become
aware of the potential of photo-catalytic water splitting for sustainable production of
molecular hydrogen, the latter representing an efficient carrier for energy storage and
conversion into common liquid fuels. In this respect, Co-based poly-pyridyl complexes
represent an efficient, robust, and promising water reduction catalysts towards H2 pro-
duction. Fast development in designing ligand environment around Co center yields
in applicability of these catalysts both in homogeneous and heterogeneous environ-
ments. In particular, immersing Co-centered catalysts in water solution together with
efficient photosensitizers or immobilizing these ligands on oxide and metal surfaces,
and investigating their tunable electronic properties and H2 production performances
have gained significant attention in recent years.
Our research have been carried out under the URPP LightChEC program at the
University of Zurich which promotes the close collaboration among theoretical and
experimental scientists. Therefore, we always combine our theoretical simulations
with experimental observations to explore the potentials, properties, and performances
of H2 production systems under consideration. In order to increase the accuracy
of our electronic structure calculations, we use hybrid density functionals together
with nonlocal van der Waals electron correlation. The dynamical properties, on the
other hand, are obtained using ab-initio molecular dynamics and metadynamics rather
than classical Newtonian dynamics. Thanks to the applied high level simulation
techniques, our models explain the probable reasons of experimental findings rather
good and predict the structures and properties which could not be resolved due to
the insufficiency of the experimental techniques.
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As already suggested by the discussions provided in each chapter our research can
proceed in many directions. Concerning the homogeneous Co-based poly-pyridyl cat-
alysts, the irreversible ligand switch occurring after the first electron injection might
substantially change the H2 production mechanism. Therefore, each catalytic cycle
should be reconsidered and simulated for the catalyst that undergoes a ligand switch.
Besides, how proton diffuses to the Co center and how the coordination sphere around
Co affects this diffusion are still open questions that should be addressed. Regarding
the Co complexes adsorbed on TiO2 surface, a possible extension can be considering
the co-adsorption of water and hydrogen on the oxide surface and possible reaction
mechanisms leading to the production of molecular hydrogen. Furthermore, we ex-
pect that by functionalizing pyrphryin with different linkers a further tuning of the
coupling with the oxide is possible and improved water splitting performance can be
achieved. A possible extension of the catalyst immobilized on Au(111) surface should
consider the another stage of the metalation process, by simulating the diffusion of
the Co atoms over the Au surface until they coordinate with one molecular center
and replace the H atoms from the below.
The results of this study together with the possible extensions provide a complete
picture of the photo-catalytic H2 production from homogeneous to heterogeneous
environments. The presented work is a solid contribution to the literature filling
many fundamental gaps. We hope that these results inspire many researchers to
develop efficient and scalable H2 production catalysts that benefit from solar-light.
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